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ABSTRACT
This dissertation has involved field and analytical studies of ground movements, ground 
vibrations and other design issues associated with trenchless pipe replacement (or pipe 
bursting, as it is commonly known). The process is used to replace an existing 
underground service pipe with a completely new pipe but without the disturbance and cost 
of excavating a trench from the surface. The process typically involves the insertion of a 
tool into the existing pipe that has a maximum diameter that is slightly larger than the 
existing pipe. This tool is used to break the existing pipe into pieces and to displace the 
pieces and neighboring soil outwards into the surrounding ground while a new pipe is 
installed behind the tool. There are several variations of the process with different 
approaches to various aspects of the breakage and replacement.
The trenchless pipe replacement offers advantages of low cost, reduced surface 
disturbance, and the ability to replace an old pipe with a new pipe of equal or larger 
diameter and capacity. Concerns about the use of the method have centered principally on 
the ground movements and vibrations produced by the technique -  particularly when 
existing pipe is being replaced by a larger diameter pipe -  and also on any damage 
experienced by the replacement pipe as it is being pulled into the ground
iii
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By further development of the understanding of the effects of the process and by refining 
the safe limits for the replacement process in terms of soil type, groundwater conditions, 
type of pipe being burst, degree of up-sizing, proximity to existing services, depth below 
the street, etc., it is expected that many of the concerns expressed by owners and 
consultants about the use of the techniques will be allayed and attention directed to the 
particular circumstances where special precautions need to be used. The cost advantages 
inherent in on-line replacement over open-cut replacement in many circumstances, and the 
resulting potential growth of this market, make the improved understanding of ground 
movements and impacts on adjacent structures well worthwhile.
iv
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CHAPTER 1
INTRODUCTION
Trenchless pipe replacement (or pipe bursting, as it is commonly known) in the context 
of this report is taken to include various static, hydraulic and dynamic methods of 
breaking an existing pipe and simultaneously installing, by pulling or pushing, a new pipe 
of equal or larger diameter. Pipe bursting involves the insertion of a conically shaped 
tool (bursting head) into the old pipe by pneumatic or hydraulic action. As shown in 
Figure l.l, in a direct bursting operation, the head shatters the old pipe and forces its 
fragments into the surrounding soil. At the same time, a new pipe is pulled or pushed in 
(depending on the type of the new pipe) behind the bursting head.
A ir Pnssure /H ydrau lic  Hose 
Pneumatic <£ Hvdraulic I
In se rtio n
^  P it
Figure l.l The Pipe Bursting Operation Layout
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Pipe bursting offers significant potential savings to public and private utility owners in 
replacing and up-sizing utility conduits. However, many potential applications are 
constrained due to lack of understanding of the allowable proximity of the process to 
various structures in different soils.
R esearch O bjectives
The primary objective of this research is to study the effect of the pipe bursting or 
replacement operation on nearby utilities, structures, and pavement and to determine the 
safe distance between the pipe and such facilities. This will assist the owner, contractor, 
and design engineer in making decisions about the safe application of the pipe bursting 
technique. Other objectives of this research project include:
• To significantly improve the state of the art of determining safe operating limits 
for pipe bursting operations under public roads and streets and in proximity to 
critical buried utilities and occupied buildings.
• To provide local government and utility company engineering departments with 
the capability to determine under which situations pipe bursting will have no 
detrimental side effects. Lack of this capability has resulted in the use of more 
costly methods where potential detrimental side effects were of concern.
• To increase the likelihood that this technology will be specified as a primary or 
alternate method of subsurface pipe replacement in situations where it is 
appropriate thereby minimizing pipe replacement costs for municipalities and 
utilities and allowing the industry to grow to its full potential.
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In this research, the ground movement associated with the pipe bursting operation was 
investigated to find the safe distance for different utilities and structures from the 
replacement pipe. The effect of the pipe bursting operation on the surrounding soil and 
utilities was monitored, documented, and analyzed before, during, and after the bursting 
operation. Theoretically based models were compared with the test results. This 
research has been supported by funds from the State of Louisiana Board of Regents and 
by the industry partners listed on page xvii.
R esearch Meed
Underground service utilities in many American cities have been in place for over 100 
years. While existing systems have functioned well beyond any reasonably anticipated 
service life, underground systems need maintenance and deteriorate in most 
circumstances. Common problems involve corrosion and deterioration of the pipe 
materials, failure or leakage of pipe joints, and reduction of flow due to deposition and 
build up inside the pipe. Damage can also be caused by ground movements due to 
adjacent construction activity, earthquakes or relative movements caused by settlement or 
other ground instability. In sewer systems this leads to an increase in infiltration and 
inflow (I&I). In water systems this deterioration leads to reduced flows and pressures 
available, persistent leakage (of up to 30 percent of water provided in some systems), 
pipe bursts, and poor water quality. The problems tend to increase with the age of the 
network. Maintaining this large network of underground sewer, water, and gas pipelines 
is difficult and costly. The problem is compounded by the significant impacts that a
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major repair or replacement project can have on the daily life, traffic, and commerce of 
the area served by and along the pipeline in question.
There is a growing need for the use of trenchless pipe replacement (pipe bursting) as a 
rehabilitation technique in the USA. According to Trenchless Technology Magazine, US 
utilities have replaced approximately 10,000 miles of services and mains every year 
during the last three years. The size of the potential pipe replacement market is expected 
to increase in the future due to the growing need for infrastructure to support new 
development, the continuing increase in the standard of living, and the continuing 
deterioration of old buried pipe. Trenchless pipe replacement has the advantage of lower 
capital requirements than many other trenchless technology techniques.
If it is assumed that the size of the potential trenchless pipe replacement market is 50% of 
the total replacement market, 5,000 miles of trenchless pipe replacement could be the 
potential annual market. Existing pipes of non-ductile materials can be replaced with 
equal or 30% larger diameter pipes in most soil conditions, if sufficient depth of cover 
exists. The major concern of utility owners is the effect of trenchless pipe replacement 
on nearby buried utilities, pavement surface, and structures. Research into these effects 
will give the owner and the design engineer confidence about the safe distance between 
the in-service utilities, pavements, or structures and the pipe which is being burst. The 
results also can be compared to the ground displacements associated with open-trench 
replacement, which are available in the literature.
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Trenchless pipe replacement equipment is manufactured in the US by a few companies. 
If this research eliminates or reduces utility owner concerns about collateral damage from 
pipe bursting, there will be less open-trench replacement of deteriorated pipes and 
conduits and more replacement via pipe bursting. In addition, the insurance cost per foot 
replaced by pipe bursting will be reduced because of the insurance industry's reduced 
risk of collateral damage to nearby facilities. This will create demand for the trenchless 
replacement equipment and more business for existing or new manufacturers. For the 
construction industry, it will result in safer operations, lower insurance costs, and 
enhanced production rates. This should translate into profit and/or lower capital costs to 
their customers, i.e. the US utility owners. Lower costs incurred by regulated utilities 
mean lower rates for the consuming public.
Pipe Bursting and Other Trenchless Rehabilitation 
and Replacement Techniques
For repair and replacement, conventional techniques have involved open cut excavation
to expose the pipe, followed by replacement of pipe sections and/or service connections
for localized damage. The trenchless techniques involve the creation of an access path to
the pipe to be repaired, but continuous trenching is not required. The size of the required
access path and whether access is required on either side of the section to be repaired or
replaced varies with the method used. The pipeline can be rehabilitated by inserting a
new lining or replaced by a trenchless replacement technique.
In rehabilitation, depending on the type, capacity and condition of the existing pipe, liners 
may be designed to resist external ground pressures and internal supply pressures or may
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rely on the existing pipe for structural support and provide only a sealing membrane. In 
slip lining, a new pipe is inserted in its normal circular configuration within the existing 
line. Tt does need substantial access for the pipe insertion and it reduces the cross-section 
of the supply pipe. In many cases, flow can be improved (compared to the current 
condition of the pipe) due to the smoother internal surface and the elimination of leakage, 
I&L, etc.
Several lining systems have been developed involving heating and folding or deforming 
plastic pipes into a non-circular cross-section that can be coiled for transportation in long 
lengths. They reduce the access requirements, reduce the likelihood of the inserted pipe 
becoming stuck during insertion, and allow long continuous lengths of pipes to be 
inserted into existing lines. The pipes are flexible in their folded or deformed condition 
and can be easily inserted into the existing pipe. After placement in the existing pipe, the 
liners are reformed into a circular cross-section using a combination of heat and pressure. 
Several proprietary systems use different plastic pipe materials and somewhat different 
techniques for the deforming and reforming process. These techniques were first used in 
sewer rehabilitation, but they were applied to water and gas systems shortly thereafter. 
Depending on the type of service, the pipe materials must meet the combined 
requirements of being suitable for the installation process, being able to withstand the 
required internal as well as external pressures, and the other requirements for the type of 
service. Similar to sliplining, there is a loss of cross-section but not necessarily a loss of 
flow capacity.
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Another form of liner is the cured-in-place pipe (CIPP) liner. It was developed for sewer 
rehabilitation in the 1970s and the technique involves impregnating a fabric tube with 
resin and then inserting the tube in the line to be replaced. The original system was 
designed for relining the full length of pipes between manholes. The liner is inserted by 
closing one end of the liner and using water pressure to mm the liner inside out as it 
unfolds along the existing pipe. Once in place, the liner is cured by circulating hot water 
inside the liner. Other variations of CIPP lining have been developed that allow short 
repair lengths and use different techniques for inserting, inflating, and curing a liner. As 
with other lining systems, there is a loss of cross-section but normally the smoother 
surface over the existing condition increases the capacity. The system requires careful 
installation control over the insertion and curing process, but the lining can form a more 
intimate contact with the surrounding pipe than with some inserted liners.
The trenchless pipe replacement techniques allow the replacement of an existing pipe 
with a new pipe in the same location. Upsizing of the pipe is possible unless there is 
limited clearance to surrounding utilities or the road pavement surface. The technique is 
most advantageous in cost terms (I) when there are few lateral connections to be 
reconnected within a replacement section, (2) when the old pipe is structurally 
deteriorated, and (3) when additional capacity is needed. These techniques are the focus 
of this study and are described in greater detail in the next section.
The main advantages of trenchless rehabilitation are (1) minimal dismption to traffic, (2) 
minimal interference with other utilities, (3) improved safety for both operators and the
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public due to reduced open excavation, and (4) substantial time savings. The main 
disadvantages are that service connections must be excavated and temporary service must 
be provided. The greater depth of installation of most sewers has provided a greater 
incentive for the use of trenchless techniques in sewer applications. However, as the 
indirect costs of trenched repair/replacement techniques are considered more fully, they 
are being applied to water and gas systems also. As in the growth of any new 
technology, there is interplay between market size, technique improvements, competing 
systems, and cost. The relative cost of trenchless technologies to conventional repair 
techniques is falling even without the consideration of reduced indirect or social costs of 
trenchless construction.
History of Pipe Bursting Development
Pipe bursting was first developed in the UK by D.J. Ryan & Sons in conjunction with 
British Gas for the replacement of small diameter (3" and 4") cast iron gas mains in the 
late 1970s (Howell, 1995). The process involved a pneumatically driven, cone-shaped 
bursting head operating by a reciprocating impact process. The method was patented in 
1980. At the beginning, it was used only in replacing cast iron gas distribution lines. It 
was later employed to replace water and sewer lines. By 1985, the process had been 
further developed to install up to 400-mm OD medium density polyethylene (MDPE) 
sewer pipe. Replacement of sewers in the UK using sectional pipes as opposed to 
continuously welded polyethylene pipe was described in a paper by Boot et ai (1987). 
The majority of pipe bursting applications in the US is for sewer line replacement. While 
it is difficult to obtain an accurate figure of the annual mileage of pipelines replaced by
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pipe bursting or other trenchless pipe replacement, it estimated to be more than 700 miles 
(Fraser et AL 1992). In the US, about 180,000 and 300,000 feet have been replaced by 
pipe bursting in 1995 and 1996, respectively. In the first three-quarters of 1997, 3 12,650 
feet have been replaced, and it is expected to total 450,000 feet for 1997. The average 
rate of growth in the US is about 50% and in Europe is about 30% (Hopwood 1997).
Pipe Bursting and Trenchless Pipe Replacement Systems
Pipe bursting involves the insertion of a cone shaped bursting head into the old pipe. The 
base of the cone is larger than the inside diameter of the old pipe and slightly larger than 
the outside diameter of the new pipe to reduce friction and to provide space for 
maneuvering the pipe. The back end of the bursting head is connected to the new pipe 
and the front end to a cable or pulling rod. The new pipe and bursting head are launched 
from the insertion shaft, and the cable or pulling rod is pulled from the pulling shaft, as 
shown in Figure 1.1. The bursting head is usually attached to some other components to 
make it longer to reduce the effects of sags or misalignment on the new pipeline. Some 
bursting tools are equipped with expanding crushing arms, sectional ribs, or sharp blades 
to transfer point or line loads to the old pipes to assist in bursting.
The bursting head receives energy to break the old pipe from the pulling cable or rods, 
hydraulic power to the head, or pneumatic power to the head based on the bursting 
system. The energy is transferred to the old pipe breaking it into pieces and expanding 
the diameter of the cavity. The head is pulled through the old pipe debris creating a 
cavity and pulling behind it the new pipe from the insertion shaft.
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Topf (1991, 1992), Tucker et al (1987) describe a hydraulic system for pipe bursting in 
which the bursting head is sequentially pulled through the pipe to the desired location and 
then expanded laterally to break the pipe. In the US, the technique was in use by the mid 
to late 1980s (Jacobs et al, 1988). Steel gas distribution mains have been tackled using a 
combination of slitter wheels, sail blade, and expander unit (Fisk and Zlokovitz, 1992). 
A direct, continuous pull and/or push hydraulic system is also in common use using a 
cone-shaped bursting head and a rod system for applying the tensile or thrust force (FRA 
1992).
A recently introduced system is a technique that uses blades and an external ring to force 
pipe fragments inwards into the pipe void before displacing them outwards around the 
new pipe. This process is referred to as “implosion" by the manufacturer and carries the 
brand name “DVEPIPE.” The crushing head is a cylinder with inside diameter slightly 
larger than the maximum diameter (bell) of the old pipe. Steel blades on the inside of the 
cylinder, extended radially from the center, implode and crush the old pipe as it is pulled 
as shown in Figure 1.2. The rear end of the crushing head is attached to a steel cone, 
which is connected to the new pipe. The front end of the crushing head is joined to a 
pulling rod assembly inserted through the old pipe to a hydraulic pulling unit in the 
pulling shaft. As the hydraulic pulling unit grips the rod train, the entire assembly is 
pulled through the old pipe imploding and crushing the old pipe. The cone pushes away 
the crushed pipe and soil making room for the new pipe. The process continues until the 
full run is replaced.
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Figure 1.2 The Bursting Head Assembly for the IMPIPE System
A related technique is pipe removal and replacement. Campbell and Prentice (1992) 
describe a version of this technique applied in Edmonton, Canada for extracting a water 
main into a receiving pit and simultaneously pulling in a replacement pipe. The pipe 
being extracted is pushed intact into a receiving pit and is split as it enters the receiving 
pit. The pipe is removed from the pit as fragments thus avoiding leaving the pipe 
fragments in the ground surrounding the new pipe.
Vibration and ground movement data associated with three pipe bursting systems were 
collected and studied in this research project. The three systems were the pneumatic 
system, the static pull system, and the hydraulic expansion system. The basic difference 
among the three systems is in the source of energy and some consequent differences in 
operation that are briefly described in the following paragraphs.
In the pneumatic system, the bursting tool is a soil displacement hammer driven by 
compressed air and operated at a rate of 180 to 580 blows /minute. It is similar to a pile 
driving operation turned 90° from the vertical. The percussive action of the hammering
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cone-shaped head is also similar to hammering a nail into a wall, each hammer impact 
pushes the nail a small distance as shown in Figure 1.3. It cracks and breaks the old pipe, 
creating small fracture with every stroke. The expander on the head combined with the 
percussive action push the fragments and the surrounding soil away providing space for 
the new pipe. The tension applied to the cable guides the bursting head through the old 
pipe, keeps the bursting tool pressed against the existing pipe wall, and pulls the new pipe 
behind the head. An air pressure supply hose is inserted through the new pipe and 
connected to the bursting tool. Once the head is attached to the new pipe and the winch 
cable is inserted through the old pipe and attached to the head, the air compressor and the 
winch are set at a constant pressure and tension values respectively. The process 
continues with little operator intervention until the head reaches the pulling shaft where it 
is separated from the new pipe.
In the static pull system, no hammering action is used, and a large tensile force is applied 
to the cone shaped expansion head through a pulling rod assembly (TRS system) or cable 
inserted through the existing pipe. The cone transfers the horizontal pulling force into a 
radial force - breaking the old pipe and expanding the cavity providing space for the new 
pipe as shown in Figure 1.4. In the TRS system, steel rods, each is four feet long, are 
inserted into the old pipe from the pulling shaft. The rods are connected together using 
screw connections. When the rods reach the insertion shaft, the bursting head is 
connected to the rods and the new pipe is connected to the rear o f the head. A hydraulic 
unit in the pulling shaft pulls the rods four feet at a time, and the rod sections are 
removed. The process continues until the bursting head reaches the pulling shaft, where
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it is separated from the new pipe. If cable is used instead of rod, the pulling process 
continues with minimum interruption but the force available for the operation is less.
=N£'JMft"C
Figure 1.3 The Bursting Head of the Pneumatic System
:< :s ~ : , \ g =>
Figure 1.4 The Bursting Head of the Static Pull System
In the hydraulic expansion system, the bursting head is constructed in the form of four or 
more interleaved segments, hinged at the ends and at the middle as shown in Figure 1.5. 
The head expands and contracts through the action of an axially mounted hydraulic
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piston. The head is pulled with a cable running through the old pipe by a winch from the 
pulling shaft. It is also connected to the new pipe from the back end. The hydraulic 
supply lines are inserted through the new pipe and are connected to the head. Once the 
head is inserted through the old pipe and pulled by the winch into position within the 
interior of the pipe wall, the head expands-breaking the old pipe and compressing the 
fragments into the surrounding soil. The contraction of the head and the tension from the 
winch allow the head to move forward pulling the new pipe behind it until the head be in 
position to break the next segment. The process is repeated until the head travels from 
the insertion shaft to the pulling shaft.
Figure 1.5 The Xpandit Bursting Head in the Expanded and Contracted Positions
General Steps Involved in a Typical Pipe Bursting Operation
Existing mains can be burst by one of techniques developed up to date: pneumatic pipe 
bursting, static pull, hydraulic expansion, implosion, pipe splitting, pipe pushing or pipe
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grinding, The selection depends on ground conditions, groundwater conditions, degree of 
upsizing required, construction of the existing pipeline and depth of the pipeline. 
Typically the job is performed in the following steps:
• pre-construction survey
• cleaning/pigging of line, if needed
• CCTV inspection, if needed
• excavations at services for temporary bypass
• setting up temporary bypass/connections to customers
• excavation of entrance and exit shafts
• fusion of the polyethylene pipe segments into a continuous pipe
• set up of winch or hydraulic pulling unit and insertion of pulling cable (or pulling 
rods for static pull systems)
• installation of hoses through the polyethylene pipe to attach to bursting head (air 
supply hoses or hydraulic hoses for pneumatic or hydraulic expansion systems 
respectively)
• connection of bursting head to pulling cable
• pipe bursting and replacement with sleeve pipe or carrier pipe
• removal of bursting head
• installation of carrier pipe, if not already installed
• removal of hoses
• reconnection of services
• site restoration
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Replacement pipe is typically continuous butt fused high or medium density polyethylene 
(HDPE or iVDDPE respectively) pipe. Fusion is carried out prior to the bursting operation, 
so that all fused joints can be checked. The pipe should not be dragged over the ground 
surface but over rollers or slings for insertion and transportation. The pipe ends should 
also be capped to prevent any ingress of foreign matters for water or gas piping. After 
old pipe is replaced, service connections can be made with specially designed fusion 
fittings. After service connections are excavated, a “window” is cut in the polyethylene 
pipe wall, ensuring that all exposed surfaces are maintained in an acceptable condition for 
the fusion operation. After testing and inspection to ensure that the service meet all the 
required specifications of the service line, the pipeline returns to service.
Pipe Material
The old pipe typically is made of a brittle material such as Vitrified Clay Pipe (VCP), 
cast iron, plain concrete, asbestos, or some plastics. Reinforced Concrete Pipe (RCP) has 
also been successfully replaced if it was not heavily reinforced or if it was substantially 
deteriorated. The size of the old pipe typically ranges from 2 inches to 24 inches, 
although the bursting of larger diameters is increasing. A length of 300 to 400 feet which 
is a typical distance between existing manholes is a typical length for bursting; however, 
much longer runs have been replaced. A longer run may require more powerful 
equipment to ensure completion of the job. Some existing point repairs on the old pipe, 
especially repairs made with ductile materials, can add an element of difficulty to the 
process.
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HDPE and MDPE have been the most used replacement pipes for pipe bursting 
applications. The main advantages of PE pipe are its continuity, flexibility, and 
versatility. The continuity is obtained by hot fusing long segments together in the field. 
The continuity during the installation reduces the possibility of stopping the process. The 
flexibility allows bending the pipe for angled insertion in the field. In addition, it is a 
versatile material that meets all the other requirements for gas, water, and wastewater 
lines. The relatively higher thermal expansion coefficient is the main disadvantage of PE 
pipes.
The new pipe can be made of many other pipe materials such as cast iron, ductile iron, 
V'CP, and R.CP. However, these pipes cannot be assembled into a single length prior to 
bursting and pulling behind the expansion. These pipes can be jacked into position 
behind the bursting head or kept in compression by towing them via a cable or rod that 
passes through the pipes. The joints of these pipes have to be designed for trenchless 
installations.
The replacement pipe can be the same diameter as the existing pipe or may be upsized. 
Upsizing by up to 30% of the original pipe diameter is common, and greater upsizing has 
been successfully completed in many projects. Upsizing up to 320% of the original pipe 
diameter has been reported (Fraser et al 1992). With larger diameter pipes, projects with 
a high upsizing percentage must be carefully examined in terms of required forces and 
ground displacements. In this research project, 25% and 50% upsizing percentages were 
evaluated.
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Review of Pipe Bursting Feasibility
Under many conditions, pipe bursting has substantial advantages over open cut 
replacements. It is much faster, more efficient, and often cheaper than open cut. Pipe 
bursting has a substantial cost advantage over open cut especially in sewer line 
replacement because of the depth of sewer lines. The increased depth in open cut 
requires extra excavation, shoring, dewatering, etc. which substantially increases the cost 
of open cut replacement. The increased depth has a minimal effect on the cost / foot for 
pipe bursting as shown in Figure 1.6 (Poole et al 1985). Specific studies carried out in 
the US have shown cost savings as high as 44% with average savings of 25% compared 
to open cut (Fraser et al 1992).
In addition to the direct cost advantage of pipe bursting over open cut, pipe bursting, as a 
trenchless technique, has an indirect cost savings. Less traffic disturbance, road or lane 
closing, time for replacement, business interruption, and environmental disturbance are 
some examples of indirect cost savings. An open trench causes stress relief in the ground 
and invariably the ground moves due to the reduction in confinement. The pattern of 
movement is inward and downward. Services running parallel to the trench will displace 
laterally and downward, and a service crossing the trench will sag. Costly shoring can 
reduce these movements, but they cannot be completely prevented. In addition, 
compaction under the service in the trench may be poor due to lack of adequate space for 
compaction, which will also affect the pipe. The patching in road pavement structures 
associated with open-cut work combined with the backfill settlement will reduce the life 
of the pavement structure (Rogers, 1995).
















Pipe Bursting - - -  Open Cut. favorable Conditions -  -O p e n  C ut Unfavorable Conditions
Figure 1.6 Cost Comparison between Pipe Bursting and Open Cut Replacements 
(Poole et al 1985)
Pipe bursting’s ground displacement tends to be localized and to dissipate rapidly away
from the bursting operation. The greatest displacement occurs as the expansion head 
passes. The displacement then tends to be reduced as the soil settles back around the 
replacement pipe. It has been generally thought that consideration of temporary 
displacement to adjacent services or structures needs to be made if they lie within 
approximately 2-3 diameters of the replaced pipe, with significant displacement 
occurring only closer to the pipe. However, careful considerations are required in case of 
large upsizing. Excessive movement and surface damage are unlikely to occur unless the 
bursting operation is poorly designed and executed (Rogers, 1995).
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The unique advantage of trenchless pipe replacement over other trenchless rehabilitation 
techniques, such as cured in place pipe (CIPP), sliplining, and deform and reform, etc., is 
the ability to upsize service lines. A 30% upsizing will increase the capacity of the 
service line by a factor of 1.69; the capacity can be doubled by 41% upsizing.
Pipe bursting has limitations. Expansive soils could cause difficulties for bursting. 
Ductile pipes cannot be replaced by most pipe bursting methods, although they can be 
replaced by pipe splitting techniques. A collapsed pipe at a certain point along the pipe 
run may require excavation at this point to allow the pulling cable or rod to be inserted. 
Point repairs with ductile material can also interfere with the replacement process. Other 
service lines that are very close to the pipe being replaced (either parallel to the existing 
pipe or crossing it) must be treated carefuilv. Normally, a crossing sen/ice that is too 
close will be exposed prior to the burst so that the soil displacements do not affect the 
length of pipe closest to the line being replaced, [f the old sewer line is out of line and 
grade, the new line will also tend to be out of line and grade although some correction of 
localized sags is possible as has been demonstrated in this research.
Dissertation Layout
Chapter 2 presents a literature review of the published literature about ground movements 
associated with pipe bursting. A description of all the activities that took place 
throughout this research project is presented in Chapter 3. Chapter 4 includes all the 
vibration and ground displacement data collected throughout the project along with the 
results of the data analysis. Theoretical cavity expansion models and other displacement
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data collected in Europe have been compared with the project-collected ground 
displacement data in Chapter 5. Chapter 6 presents the axial strain/stress data for the 
replacement pipe at the TTC Test Sites together with a comparison between actual and 
the calculated axial stress. Conclusions and recommendations from the study are given in 
Chapter 7.
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LITERATURE REVIEW
Fundamentals of Vibration Analysis
As the bursting head breaks the old pipe and is pulled forward, vibrations travel through 
the surrounding soil. Assuming that the vibration wave has a shape similar to the one 
shown in Figure 2.1, the following terms can be explained:
1. Peak Particle Velocity (PPV) is the
maximum rate of change of the
particle displacement (U) with
respect to time. The velocity
amplitudes are given in units of
inch/second (Dowding 1996).
2. Frequency of the vibration is the
number of oscillations that occur in
Figure 2 .1 Typical Vibration Wave
one second and is equal to I/t. The
frequency units are given in Hertz, where 1 Hertz equals 1 cycle/second (Dowding 
1996).
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3. The dominant frequency is the frequency at the maximum particle velocity, which is 
calculated for the half cycle that has the peak velocity (Dowding 1996). The 
dominant frequency is referred to as frequency throughout the report.
The particle velocity can be visualized by the movement of a bobbing cork during a 
passing wave. The particle velocity is the speed with which the cork moves up and 
down. The propagation velocity is the speed with which the wave passes the cork. The 
measured particle velocity has three components: (1) longitudinal (L), which is the 
horizontal direction from the source of vibration to the point of monitoring, (2) transverse 
(T), which is the perpendicular direction to the Longitudinal one, and (3) vertical (V). 
which is the vertical direction perpendicular to both preceding direction planes. The peak 
vector sum (PVS) is the square root of the sum of squares of the three components. PVS 
can be expressed mathematically by the following equation:
PVS=VL2 -rT2 -i-V2 Eq 2 .1
The potential for cosmetic cracking of buildings has been found to correlate most closely 
with the peak particle velocity (PPV) of a panicle in the ground as opposed to its 
displacement or acceleration (Dowding 1996). This is likely due to the fact that in one 
dimensional plane wave propagation, in a linear elastic medium, maximum strain is 
directly proportional to maximum particle velocity. It has been found that the peak 
particle velocity correlates with the scaled distance from the source of vibration to the
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point of measurements. The scaled distance is the distance divided by the square or the 
cubic root of the energy released to cause the vibration.
It has been found that buildings respond differently to the same particle velocity at 
different frequencies. The maximum amplitude of structure's response to construction 
vibration occurs when the frequency is equal to the natural frequency of the structure. 
The natural frequency of a simple structure is the inverse of the time required for the 
structure to complete one cycle of vibration if it has displaced from its equilibrium 
position and suddenly released. The following simple equation can be used to estimate 
the natural frequency (fn) of superstructures:
where L=the width of the structure and h=the height of the structure (Newmark and Hall 
1982). It can be simplified further to the following equation:
where N=the number of stories in the structure (Dowding 1996).
The dynamic response of some tall and unique structures, such as silos, petroleum 
distillation towers, etc. cannot be estimated with the previous equations. The natural 
frequency for such structures can be estimated by the following cantilever beam equation:
The Natural Frequency of Superstructures
Eq 2.2
Eq 2.4
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where m is the mass density (lb-sec2/in.2), E is Young’s modulus, I is the moment of 
inertia, and h is the height of the structure (Biggs 1964).
The natural frequency of a typical one or two story structure ranges from 5 to 11 Hz with 
a typical value of 10 Hz. Radio towers and other slender structures have typical natural 
frequency of 4 Hz. A study of data measured by the U.S. Bureau of Mines on 23 
structures (20 of them were wooden structures) indicated that the average frequency was 
7 Hz with a standard deviation of 2.2 (Dowding 1996).
Human Response to Vibration
Cosmetic cracking is unlikely until particle velocities exceed 1 to 4 inch/second. On the 
other hand, humans complain about particle velocities less than 0.5 inch/second 
(Dowding 1996). Humans are much more sensitive to vibrations than structures. The 
response of a person on the second floor inside a building to ground vibration is a very 
complicated issue for the following reasons:
• If the excitation frequency is close to the natural frequency of the building, the 
person on the second floor feels much more vibration than the person on the 
ground does. If the excitation frequency is not close to the natural frequency of 
the building, the opposite is expected.
• If the duration of the exposure to the vibration is longer, a person feels lower 
levels of PPV.
• Air over-pressure from blast and its induced rattle of walls along with the rattling 
noise of dishes, frames, etc. annoy humans more than the ground vibration itself.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
26
Siskind et al. (1980) recast Wiss and Parmelee (1974)’s results in a plot of PPV against 
exposure time as shown in Figure 2.2. Wiss and Parmelee (1974) surveyed a population 
of respondents exposed to different levels of PPV for different exposure times. They 
categorized the perception of vibration into three levels: strongly perceptible, distinctly 
perceptible, and barely perceptible. For example, if more than 50% of the respondents 
stated that they were more than moderately annoyed by PPV of 1 inch/second for 
exposure time of 1 second, it was plotted on the strongly perceptible curve. The 95% 
lower limit prediction interval for strongly perceptible PPV was statistically calculated by 










0.1 10 1001 1000
Exposure Time (S)
Figure 2.2 Human Response to Transient Pulses of Varying Duration After Wiss 
and Parmelee (1974) as Reported by Siskind et al. (1980)
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Construction Vibrations
Figure 2.3 presents the intensities of vibration from operation o f various construction, 
sources. All the data presented in the Figure was obtained from actual construction sites. 
The vibration data were recorded on the surface of the ground or in residential or small 
commercial buildings. The response of a massive structure will be less. The graph 
represents approximate values, but it illustrates the PPV attenuation with distance for the 
different sources. The slopes of the lines are also dependent upon the soil conditions 
(Wiss 1980). The above mentioned control criteria for buried structures, pavement, and 
residential buildings are imposed on the graph.
Construction Vibration Control
The frequency of the traveling wave is a very important factor to be considered because 
structures respond differently to a given peak particle velocity depending on its 
frequency. For many structures, a wave with a frequency close to the fundamental 
natural frequency of a structure has greater damage potential than the one with higher 
frequency. Vibration in the blasting and construction industries is usually controlled by 
one of two controlling techniques: (I) PPV independent of frequency and (2) 
relationships between the PPV and frequency. The first control technique provides a 
certain limit that the produced PPV should not exceed. Usually, it depends on the type 
and status of the structure and the type of vibration source. For instance, a pipeline 
buried in rock may require a control limit between 5 to 10 inch/second while a plaster and 
lath wail may require a control limit of 0.5 inch/second (Dowding 1996). The second 
control technique establishes a relationship between PPV and frequency in the form of
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Figure 2.3 Velocity Attenuation Lines for Various Construction Sources (Wiss 
1980). '
graphs or tables. There are many PPV-frequency envelopes adapted by different
standards making organizations such as the US Bureau of Mines (USBM) and the US 
Office of Surface Mining (OSM) in the US, DIN 4150 in Germany, BS 6472 in UK, 
GFEE in France, etc. There are also controlling Tables such as the following table.
Table I
Frequency and PPV Controlling Table (Dowding 1996)
Frequency (Hz) | 5 10 20 40 160 80 100
PPV (inch/second) | I | 1 1 | 1.2 | 1.8 12.4 j
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Pipeline Response to Buried Explosive Detonations
The Southwest Research Institute (SwRI) conducted a blasting research program to 
develop procedures for predicting the maximum stresses in buried steel pipelines near 
explosive detonations in 1981. Test data from 38 model scale experiments were collected 
(Esparza et al 1981). The pipe diameters ranged from 3 to 16 inches for the model testing 
and 24 to 30 inches for the full-scale experiments. The depth of cover (for the point 
source detonation) ranged from 0.5 to 5.5 feet, and it was always more than twice the 
diameter of the pipe. The researchers divided the general problem into two parts.
1. Empirical analysis and test data were used to derive equations for estimating 
maximum ground movement and particle velocities.
2. Using the conservation of mass and momentum and approximate energy methods 
to derive relationships for maximum pipe stress and strain.
The research established relationships between the different variables that affect the level 
of displacement at a distance from the source of the explosion. The ground movement 
depends on (among many other variables) the nature of source of the explosion (point 
source, parallel line, angled line, grid detonations, etc.). Only point source detonations 
will be presented in this section because of its similarity with the pipe bursting process. 
These relationships can be summarized by the following equations:
0.0414 - . e- -
I pc-r j J Eq 2.5








Where 10'“  < We/pczRJ < 10‘l and 
X = Peak radial soil Displacement (feet)
U = Peak radial soil particle velocity (feet/second)
R = Standoff distance (feet)
We = Explosive energy release (ft-lbs.)
p = Mass density of soil (lb.-second2/foot4)
c = Seismic P-wave velocity in soil (feet/second)
P0 = Atmospheric pressure (lb./foot2) (Esparza et al 1981)
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In the above two equations, the parameters can be entered with any consistent set of 
units. The ground motion data collected in the experiments were for values of 6.4 x I O'5 
< wc/pc2R3 <6 x I O'2. This range is the typical range for blasting situations near 
pipelines. Log-linear curves were fitted to all of the SwRI point source data; the resulting 



















As with the general equations, the parameters can be entered with any consistent set of 
units in the above two equations (Esparza et al 1981).
The maximum elastic strains experienced by a buried pipe to about the same depth as 

















= Maximum circumferential strain (inch/inch)
= Maximum longitudinal strain (inch/inch)
= Equivalent energy release (dimensionless)
= Total explosive charge weight (lb.)
= Modulus of elasticity (psi)
= Pipe wall thickness (inch)
= Distance between pipe and explosive line (feet)
Eq 2.10
In the above two equations, the parameters must be entered with the units shown. The 
strain data used to develop these solutions ranged from 10 to 1500 p. inch / inch. The
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estimates of the standard error applicable to the circumferential and longitudinal strain 
equations are 44 and 36% respectively (Esparza et al 1981).
The maximum biaxial stresses experienced by a buried pipe to about the same depth as 
point source detonation in soil can be predicted by the following formula:
CTcir ~  ^lona ~ 4.44E
r  nw ) 0J1_ . Eq 2.11
r/EhR2-JV v fc n  K. ' J
where creir = Maximum circumferential stress (psi) and criong = Maximum longitudinal 
stress (psi)
The stress calculated by this formula is based on the assumption that the maximum peak 
strains occur simultaneously at the same point with the same algebraic sign. The estimate 
of the standard error applicable to the circumferential and longitudinal stress equation is 
34% (Esparza et al 1981).
Ground Movements
Studies related to ground disturbance resulting from pipe bursting operations have 
consisted mostly of field measurements. laboratory model tests, and to a lesser extent, 
numerical analyses. Leach and Reed (1989) developed a methodology by which the 
mechanism of generation of ground movements and the extent of movement, along with 
the effect on nearby pipelines, can be observed and measured. Laboratory model tests 
simulating the pipe bursting process in the field by Swee and Milligan (1990) — using 
clear-sided tanks to observe the soil displacements as a simulated expansion head was 
pushed through the soil — provide an understanding of the soil displacements and the
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potential risk of damage to adjacent structures. In this research, tests were carried out in 
three types of soil for a variety of cover/depths and expansion ratios ranging from 20 to 
120 percent up sizing. Reed (1987) provides displacement and strain data for an 
instrumented ductile iron pipe 2'4" above the clay pipe that was being burst as the 
bursting tool advanced. These results formed the basis for establishing the typical pattern 
of ground displacements by Leach and Reed (1989). Case histories, as described by 
Poole et al. (1985), indicated negligible increase in strain in a pipe installed 
approximately 5 feet from the burst pipe. Theoretical investigations coupled with tests of 
soil displacements and pipe stresses were made in a large format test facility in Germany 
(Falk and Stein 1994). They analyzed the long-term pipe soil interaction that was caused 
by dynamic pipe bursting, and they developed a model that considered the effects of a 
changing ground water level and of dynamic traffic loads. Chapman (1992), Chapman 
and Rogers (1991), and Rogers and Chapman (1994, 1995) report the results of a series 
of laboratory-scale experiments for visualization of pipe bursting movements. Rogers 
(1996) also compared the ground movements caused by pipe bursting with those caused 
by closed shield pipe jacking and found that they are similar in direction and magnitude.
Pipe replacement always involves some outward displacement of the soil surrounding the 
pipe, even when carrying out a size-for-size replacement. The bursting head must be 
larger than the existing pipe to accomplish the pipe breaking and to reduce the friction on 
the new pipe being installed. The ground movements associated with the bursting 
operation involve ground displacements both parallel and perpendicular to the pipeline. 
The ground is displaced axially in the direction of the advancing burst head and laterally
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to accommodate the increase in diameter of the bursting head. When the bursting head 
has passed a zone of soil, the soil will tend to collapse back around the newly installed 
pipe. This may happen immediately or at some time after the replacement is complete ~  
depending on the soil type, replacement method, and groundwater conditions.
Size-for-size pipe replacement will typically involve some temporary outward 
displacements perpendicular to the pipe but these will diminish over time as the soil 
collapses around the new pipe. Upsizing will result in permanent outward displacements 
of the soil close to the pipe. The extent of the zone of significant soil displacement 
depends on the existing soil conditions and any confinement provided by existing 
structures, firm soil layers or rock. In both size-for-size replacement and in upsizing, it is 
possible to have surface settlement in cases where the existing soil was in a loose 
condition and is compacted by the soil movements and vibration associated with the 
replacement process.
If the pipe being replaced is deep and well confined, displacements tend to be radial 
whereas, in shallow pipes, displacements tend to be predominantly upward. The relative 
lateral confinement also affects the positioning of the replacement pipe. In a uniformly 
confined condition, the replacement pipe tends to be concentric with the position of the 
burst pipe. With differences in confinement in directions normal to the pipe axis, the 
pipe tends to be displaced in the direction of the poorer confinement. For example, in 
shallow replacements, the burster may advance with its base at the invert level of the 
existing pipe (Rogers 1996).
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Pipe Bursting: Laboratory Simulation Tests
Swee and Milligan (1990) simulated the pipe bursting process in the laboratory, and they 
provided an understanding of the pattern of ground movement. They simulated the 
bursting process by bursting a small diameter pipe buried in different soils inside a soil 
tank with a glass side. They also used a half section mole to burst a pipe with a cross 
section of half a circle; the flat side was pressed against the glass side of the tank. They 
photographed and monitored the soil movement patterns under the different variables that 
affect the soil deformations. The considered variables were the type of soil, depth of 
cover, and upsizing ratio. The types of soils used in the test were saturated clay, sand, 
and backfill.
The ground movement in the sand provided the upper bound of movements due to the 
dilation of the sand while the fill which was the most compressible provided the lower 
bound, and clay provided an intermediate level of movement. The surface heave was 
relatively higher with shallow cover than with deeper cover. However, the horizontal 
region of higher magnitude of heave was larger with deeper cover as shown in Figure 2.4. 
In the figure, Du is the diameter of the old pipe, X is the horizontal (spread) distance to 
the left and to the right of centerline of the pipe line, V' is the vertical ground movement 
directly above the pipe, C is the depth of cover, and Rt- is the difference in radius between 
the new and old pipes. They also documented the pattern of soil movement around the 
head as it burst through the old pipe. It followed a general pattern of upward soil 
movement in front and above the head due to the bursting head upsizing, then the soil 
caved in to fill the overcut space behind the head.
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Figure 2.4 Surface Heave Versus Offset from the Centerline for Different Depth 
to Diameter ratios (Swee and Milligan 1990)
Their research indicated that the movements are concentrated around a wedge shaped 
zone between the head and the soil surface. Significant strains were concentrated around 
cleariy defined shear planes with slope ¥  (the angle of dilation) as shown in figure 2.5. 
v|y could be calculated using the following equation:
= °-8V Eq 2. 12
Where 0 Max = The maximum value of the angle of internal friction of the soil and 
^crii -  The angle of friction at the critical state.
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Range of Surface Heave
Figure 2.5 Wedge Formation On the Top of Bursting Pipe (Swee and Milligan 
1990)
Figure 2.6 presents the area of the heave (Ah=W. V) divided by the area of the expansion 
(Aa=0.25.7t (Dr2-D0")) versus the depth of cover (C) for the sand, clay, and fill soils used 
in the research. W and V are the parameters shown in Figure 2.5. and Dr and Do are the 
diameter of the replacement and original pipes, respectively.
They concluded the following: (I) if there is an adjacent parallel pipeline to the line to be 
burst and outside the wedge area, it will not suffer any disturbance. (2) If the pipe in (1) 
is inside the wedge it will experience vertical movement as the head moves through and 
will experience axial bending. (3) If the adjacent pipeline is perpendicular to and below 
the burst line, it will not experience any severe strain. (4) If the adjacent line crosses over 
the burst line, two regions on the crossing line will experience bending strain. The 
magnitude of bending depends on the amount of vertical movement.
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Figure 2.6 Presents the Area of the Heave (Ah) Divided by the Area of the
Expansion (Aj) Versus the Depth of Cover (C) Divided by the Inside 
Diameter (Di)
Rogers and Chapman (1995) reported that the measured ground displacements from 
closed shield pipe jacking and pipe bursting were similar in terms of pattern and 
magnimde. They simulated both operations in dry dense and loose sand in a steel tank 
with two perpendicular glass sides. Quantification of ground movement was achieved by 
analyzing a series of photographs of the sand taken at different stages of the operations 
through the glass sides. For dense sand, the vector displacement plots showed a large 
area of upward and forward movement above and in front of the bursting head and 
jacking shield. A smaller localized area of rapidly diminishing downward movement is 
observed for the overcut/over-burst condition due to sand moving into the cavity. For 
loose sand, the outward and upward movement did not reach the surface, dissipating 
0.5m above the operation while the settlement caused by over cut reached the ground 
surface.
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They also reported that denser material tends to experience more ground movement than 
looser material. The final form of movement in denser material is heave and in loose 
material is settlement or much lower heave movement. They reported also that the 
maximum vertical displacement took place above the centerline and is reduced as the 
offset from the centerline is increased. The paper presented the total displacement vector 
plots for pipe bursting in dense and loose sands. The plots showed the outward and 
upward horizontal and vertical movement of the soil particle ahead of the bursting head. 
They also stated that the displacements caused by trenchless pipe laying methods are 
much smaller than that caused by open cut. The potential for damaging the surroundings 
can be considerably reduced or eliminated by sensible design and precautions taken in the 
pipe bursting operation.
Field Testing
Leach and Reed (1989) monitored the ground movement of instrumented pipes parallel 
and perpendicular to the pipe to be burst. The instrumented pipe perpendicular to the 
burst pipe experienced peak strain levels (bending and axial) 10 times larger than that 
experienced by the instrumented pipe parallel to burst pipe at the same standoff sidtance. 
The researchers developed safe proximity charts for special cases such as renewal of a 9- 
inch pipe below a 4-inch crossing cast iron pipe. The paper provides graphical 
presentations of the strain gauge data showing the movement scenario of a nearby pipe 
parallel and perpendicular to the burst pipe. They developed a simplified surface damage 
chart, Figure 2.7, based on the estimated maximum surface heave (V) and the spread of 
the heave triangle (W) (V and W are the dimensions indicated in Figure 2.5). The chart
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 0
has three zones: zone 1,slight heave with little damage zone, noticeable heave and 
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Figure 2.7 Simplified Surface Damage Assessment Chart (Leach and Reed 
1989)
zone 3, pronounced heave and severe cracking and joint separation. V and W can be 
estimated from previous heave records (if available) and/or charts developed by the 
researchers showing the range of values encountered in their research.
Wayman (1995) investigated the orientation and shape of broken shards, resulting from 
the pipe bursting operation. Through the collected data and statistical analysis, it was 
established that the greatest chance of pipe penetration of cast iron shards into the PE 
pipe was if the shard has a 20° tip pointed at 90° to the crown of the pipe. The analysis 
indicated that this scenario would occur once in 27,000 miles of burst pipe. The paper 
stated that the peak load from a large shard placed on the top of a 7-inch PE pipe was 2.3
Zone 3. Pronounced Heave-Severe 
Cracking/Joint Separation
Zone Z  Generally Opening ot'Existing 
Cracksdoints & Minor New Cracks
Zone I. Slight Heave- Generally Little 
Visible Damaae
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KN. The pipe had 0.75 m cover and was subjected to 5.25 ton wheel load at a speed of 
8.6 km/hr for 190,000 times to simulate 50 years of normal traffic loading above the pipe.
Stress Calculations for a Buried Pipe 
Near a Pipe Bursting Operation
Leach and Reed (1989) and Wayman (1995) suggested calculating the stress in buried
pipes near a burst pipe using superposition and Winkler foundation theory. The first step
is estimating the heave in the soil due to the bursting process assuming that the crossing
pipe does not exist as shown in Figure 2.8a. Estimating the heave requires consideration
of the problem geometry, material behavior, boundary conditions, upsizing, loading
conditions, judgement regarding unknown information, heave experience from previous
bursts, etc. The second step is to assess the soil restraint to the displacement of the
crossing pipe using a 2D-stress analysis model. The burst pipe is ignored at this step as
shown in figure 2.8b. The final step involves the simulation of the soil/pipe system as an
elastic beam in contact with springs both below and above the pipe as shown in Figure
2.8c.
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Figure 2.8 Stress Calculations on a Buried Pipe Near a Pipe Bursting Operation
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 2
Stress on the Replacement Pipe
Falk and Stein (1994) developed a model to estimate the transverse loads on a 
replacement pipe installed by bursting. They measured the radial soil deformations by 
extensometers during the replacement of a pipeline under different boundary conditions. 
They also installed strain gages on the inner surface of the new pipe to record the strain 
experienced by the pipe.
They divided the soil movements into two states, I and H. In state I, the soil forms a 
temporary stable cavity around the pipe; therefore, the pipe is not fully loaded by the soil. 
In state DL, the initially stable cavity breaks down transferring the load to the pipe. They 
found out that loads calculated according to German standard ATV-A161 are too high. 
Their model divided the failure section into three parts: a protective vault formed above 
the pipe, a chimney section marked by vertical soil deformations and shear forces, and a 
secondary vault formed above the chimney section.
Their tests indicated that the ground pressure is transformed to single point and line loads 
by the fragments surrounding the new pipe. The stresses in the pipe wall due to the 
fragments and the ground pressure were 1.2 to 3 times the stresses due to the ground 
pressure alone.
The Plastic Zone Created Around the Pipe
After the bursting head breaks the old pipe, a radial force from the bursting tool expands 
the hole from the original radius R; to the final Ru. This radial stress creates a plastic 
zone around the final hole as shown in Figure 2.9. The soil within the plastic zone
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reaches its yield stress and undergoes an irreversible displacement. The stress in the soil 
outside the plastic zone remains below the yield stress. The greatest potential from 
damage to adjacent or crossing pipelines will occur within the plastic zone where soil 
displacement may be large. The possibility of damaging a pipeline in the plastic zone 
depends on the conditions of the pipeline and the amount of permanent displacement and
O’Rourke (1985) made a number 
of theoretical examinations with 
regard to the extent of the plastic 
zone and revealed that the radius of 
the plastic zone is a function of the 
amount of cavity expansion (R„-Ri) 
and the stiffness of the soil. The 
increase in the cavity expansion 
ratio (Ru-Ri)/Rj increases the radius 
of the plastic zone extralinearly as 
shown in Figure 2.10.
Falk and Stein (1994), based on their tests, indicated that when the hole is near the 
surface, the plastic zone has an elliptical shape as shown in Figure 2 .11. The horizontal 
and vertical radii of the ellipse can be calculated from the following equations:




Figure 2.9 Cavity Expansion and the Plastic
and Elastic Zones
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E -  Young's modulus 
S * Shear strength 
a * Radius of old pipe 
U -  Amount otfradius expansion 
Rp * Radius ot*plastic zone
E.S-IQ00 ■E/s-ioo:
Figure 2. LO Radius of the Plastic Zone as a Function of the Extent of the Cavity 
Expansion (O’Rourke 1985)
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Where
Pt- = Stress in the soil at failure in radial direction
Rp = Radius of the plastic soil zone in state I in crown and spring




Figure 2.11 Cavity Expansion And The Plastic and Elastic Zones According To 
Falk And Stein (1994)
e =Elastic-plastic limit of strain
mv = Relation of volume of deformed soil part in state I to the original volume
a = radius of a circle with equal surface in relation to displaced cross section surface
a« = radius of a circle with equal surface in relation to displaced cross section surface,
soil compression deducted, 
csv = Vertical soil pressures
GTh = Horizontal soil pressures
c and cp = Cohesion and angle of internal friction
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CHAPTER 3
RESEARCH METHODOLOGY
The research project had two principal components. The first component involved 
conducting trenchless pipe replacement experiments in a controlled soil environment at the 
Trenchless Technology Center (TTC) field test facilities at Louisiana Tech University. It 
also involved conducting related analytical and numerical studies. The second component 
involved collecting vibration and ground surface movement data from actual job sites 
through planned field visits to monitor seven different commercial trenchless pipe 
replacement jobs. The first component (TTC Test Sites) involved four pipe bursting 
experiments using three different systems in a full-scale actual size field simulation.
TTC Test Sites
The first component of the research project involved conducting a series of trenchless pipe 
replacement experiments in the TTC test bed facility. The re-built layout and cross section 
of the TTC Test Site are presented in Figures 3.1 and 3.2. The experiment consisted of 
bursting through vitrified clay pipes (VCP) in four different soil conditions: clay, sand, silt, 
and a clay/gravel mixture. These pipes were replaced with high-density polyethylene 
(HDPE) pipes. Surface and subsurface vertical soil displacements were measured at 
various distances along the pipe centerline and at different perpendicular distances from
46
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the pipe centerline. Vibration data were also collected in a similar plan to the one used 
for the Field Test Sites. The longitudinal section of the TTC Test Site is shown in Figure 
3.1. The experimental layout consisted of two VCP pipelines (replaced with High Density 
Polyethylene pipe), three shafts, three instrumentation clusters, four sections of soils, and 
ground surface monitoring points. The VCP pipes were 8-inch diameter and were 
installed at a depth of 6 feet. They were laid parallel to each other and five feet apart. I Cl­
inch HDPE pipe was used to replace half of the VCP pipes, and 12-inch HDPE pipes 
replaced the other half. The two-upsize percentages used were thus 25% and 50%. There 
were two insertion shafts and one central pulling shaft. The VCP pipes were laid in and 
backfilled with four different types of soils. They were natural clay soil, silt, sand, and 
clay gravel. The lengths of the clay, silt, sand, and clay-gravel sections were 48, 46. 36, 
and 48 feet, respectively. There was another 10 feet of natural clay soil in the soil section 
for the 50% upsizing (TTC Test Sites #1 and 2). The four different types of soil covered 
the pipe for a depth of one foot, and were overlain by compacted local natural clay soil.
In each of the silt, sand, and clay-gravel soils; an instrumentation cluster set was installed. 
Each set consisted of two 2-inch pressurized PVC pipes and 18 settlement/heave plates as 
shown in Figure 3.2. Six plates and a pressurized PVC pipe were at I foot above the 
outside surface of the VCP pipe, and another 12 plates and a pressurized PVC pipe were 
placed at 2 ft above the outside surface of the VCP pipe. Instrumentation was installed in 
the silt section at station 68, in the sand section at station 68, and in the clay gravel section 
at station 42.
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The settlement plate details are shown in Figure 3.3. The monitoring plates were designed 
to reflect the settlement or heave that occurred in the soil underneath them. A PVC sleeve 
encased the vertical steel bar to shield it from the horizontal soil pressure. Four inches of
compressible material 
sleeve encased the bar 
at the bottom to allow 
vertical upward
movement of the 
monitoring plates. 
Before the placement in 
the test sections and the 
bursting operation, the 
PVC pipes were 
pressure tested in the 
lab at more than 50 psi 
to ensure that the pipes did not leak. They were pressurized to at least 50 psi, and the 
pressure gauge readings were recorded before and after the bursting. Any pressure 
reduction would indicate a leak in a pipe.
Seven rows of ground surface monitoring points were laid perpendicular to the centerline 
of the pipelines; each row contained 20 points. The eight surface monitoring points close 




Steel bar (5/8" 0 )
— Plastic pipe (1.25" 0 )
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Figure 3.3 Settlement Plate Details
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feet. Two rows were in the clay section at stations 20 and 40: one was in the silt section 
at station 60, two were in the sand section at stations 66 and SO, and two were in the clay- 
gravel section at stations 20 and 39. The ground surface monitoring points were surveyed 
before and after each bursting. The change in elevation was calculated; the results are 
discussed in Chapter 4. Data for some surface monitoring points at the farthest offset 
from the pipe centerline were disregarded because they were disturbed by construction 
operations at the site. The surface points were marked by 6-inch long nails: each nail was 
inserted through two washers (the larger one was 2 inch in diameter). The washers and 
the head of the nails were on the ground surface and marked with orange flags. The 
accuracy of the level measurements was higher than that for Field Test Sites. An accuracy 
of 0 .1 to 0.12 of an inch is a reasonable expectation for the following reasons:
• The monitoring points and the benchmarks were better defined.
• The distances between the instrument, benchmark, and monitoring points were
shorter, which reduces the
level of errors.
experiments -  TTC Test Sites #1,
three of the four pipe replacement
measurements were attempted on
Longitudinal pipe stress
#2, and #3. Three pipe sections
Figure 3.4 The Strain Gage Protection 
Arrangements
were instrumented, each about
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three feet long and placed close behind the bursting head. A protective PVC pipe was 
installed inside the replacement HDPE pipe to protect the gauges and wiring connections 
from damage due to the hydraulic or air pressure supply lines. Figure 3.4 presents the 
strain gage protection arrangements.
To bond the strain gauge to the HDPE pipes satisfactorily, the preparation of the pipe 
surface was very important. The purpose of surface preparation was to develop a clean 
surface with appropriate roughness to install the gauges. Surface preparation was 
conducted according to the following major steps: (a) scouring with household cleanser 
and rinsing with water, (b) abrading the surface with silicon-carbide paper, (c) rinsing with 
water again, and (d) wiping the surface with cotton swabs.
To avoid recontamination, every wiping took place in a single slow stroke in one direction 
until no dirt could be seen on the swabs. After the surface was properly prepared, the 
gauges were installed as soon as possible. Model CEA-06-250UW-350 strain gauges 
(from Micro Measurements, Inc.) were selected. This gauge is a general-purpose 
experimental stress analysis gauge with high resistance to any heating effect on the plastic 
surface. Based on the recommendation of the gauge manufacturer, ISO adhesive was 
used to bond the strain gauges to the HDPE pipe. For each test site, three sections of pipe 
were instrumented using a half-bridge strain gauge arrangement designed to increase the 
sensitivity of the gauges to tensile strain and cancel bending strain effects.
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The strain-gauged sections were crudely tested in a compression-testing machine prior to 
installation in the replacement pipe. Only a crude calibration could be performed due to 
the rough end conditions of each section prior to the field preparation and fusing. The 
calculated stresses from the manufacturer gauge data and the gain settings, etc. in the data 
acquisition system agreed well on average with the compression data from the testing 
machine. This comparison gave confidence that the stress results were valid.
Two of the pipe replacements, at TTC test sites #1 and #3, gave good stress data despite 
the difficulties of the field measurements — very wet site conditions and the low adhesion 
characteristic of the HDPE pipe. The pipe replacement at test site #2 produced some 
readings during the replacement process but, after inspection, these did not appear to 
represent any meaningful data as to pipe stresses. These data were not used in the pipe 
stress analysis. For test site #1, one gauge had to be abandoned due to an error in 
assembling the gauge wiring during the process of fusing the pipe test sections. The 
remaining two gauges for this test survived the repeated load cycling of the pneumatic 
process until the pipe passed through the sag section installed in the pipe (approx. station 
59 to 70). One gauge clearly failed after this point, the other gauge probably partially 
failed or lost some adhesion to the pipe surface at this point. For test site £3, all three 
gauges appeared to work well during the entire test.
The centerline of the VCP pipes was profiled before bursting and was compared to the 
profile of the HDPE pipe after bursting. The pipes were profiled using a purpose-built 
water level consisting of transparent hose that was attached at one end to a swivel device
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that kept that end at the centerline of the pipe. The other end was clamped to a scale in 
the shaft at the lower end of the pipe run (measuring tape attached to a board). The 
system was filled with dyed de-aired water and was completely free of air before profiling 
the pipe. Every five feet colored and de-aired water was poured into the hose until the 
water level stabilized, and then the water level was recorded. The accuracy of the profiler 
measurements could be assumed to be between 0.125 to 0.28 of an inch.
The pre-burst profiling for TTC Test Site #1 could not be completed due to soil and 
gravel in the base of the pipe. The profiling device was modified for Test Site £ 2, # 3, 
and # 4 to allow more clearance to pass any gravel on the invert of the pipe. A cross 
section of the profiler is presented in Figure 3.5.
Figure 3.5 Cross Section of the Modified Profiler
To investigate the arrangement of the VCP fragments after the VCP pipe replacement 
with the HDPE pipe, three trenches were excavated close to the instrumentation clusters. 
For TTC Test Site #1 and Site #2, one trench was excavated to investigate the VCP
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fragments in the sand soil section at station 68. For TTC Test Site rr3 and TTC Site ir4, 
two excavations for the fragments were made in the clay soil section and the silt soil 
section at stations 20 and 67 respectively. The following were the major excavation steps:
• Excavating the trenches with the help of a mechanical excavator until close to the 
VCP fragments.
• Digging out carefully to recover every fragment that can be seen in the exposed 
area around the HDPE pipe using shovels and spades.
• Cleaning both the VCP fragments and the HDPE pipe after excavation to take 
pictures and check for scratches on the surface of HDPE pipe.
• Surveying the elevation of the top of the pipe to check against the elevations 
obtained from the pipe profile.
The profiling data agreed very well with the surveying data for all the excavation points 
except the one for TTC Test Site ~ 2. The size of the fragments, the average distances 
between the VCP fragments and HDPE pipe, and the depth and intensity of the scratches 
on the HDPE pipe were recorded.
Field Test Sites
The principal data collected for each Field Test Site visited were:
• Peak particle velocity
• Ground surface movements
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The procedures for each test site visited were divided into three phases of activities. They 
were pre-bursting activities, during bursting activities, and after bursting activities.
Pre-Bursting Activities
Before the bursting took place, the following activities were performed:
• Collecting all available relevant information about the test site such as type o f soil, 
depth, and type of ground surface, and size of pipe, percent increase in diameter, 
water table elevation, etc.
• Marking the centerline of the old pipe on the ground surface and measuring the 
length of the bursting run.
• Developing a monitoring point layout plan, similar to the one in Figure 3.6A, 
according to the actual site conditions, such as the length of the run. accessibility, 
etc. Later in the project, the typical layout was changed to that of Figure 3.6B for 
reasons discussed later in the report.
• Marking the monitoring points on the ground surface according to the plan 
developed in the previous step.
• Collecting soil samples.
• Surveying and recording the elevation of the points along the pipe centerline.
• Marking the replacement pipe every ten feet.
• Synchronizing the time monitoring watch with the clock of the seismograph.
• Noting and measuring the width of any existing cracks in the existing pavement or 
driveway surfaces.
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During-Bursting Activities
During bursting, the following activities were performed:
• Placing the geophones at points A and B on the centerline of the pipe and 
monitoring and recording the Peak Particle Velocity (PPV) as the bursting head 
was inserted through the pipe and passed under the geophones
• Recording the time and station number, as each mark on the replacement pipe 
passed by the station zero.
• Moving the geophones to the points C at one-foot offset to measure the vibration 
levels as the bursting head passed by the points C.
• Repeating the previous step for points D, E, F, G, and H at the offsets indicated in 
Figure 3.6A or 3.6B.
• Recording the ground surface conditions (grass, pavement, driveway, sidewalk, 
etc.) and the position of the bursting head for any unusual events.
• Collecting detailed information about the hydraulic expansion cycle from the 
bursting machine operators for foe hydraulic expansion and static pull systems. 
This activity was only performed on a limited number of sites because of shortage 
of site personnel.
Post-Bursting Activities
After bursting, foe following activities were performed:
• Re-surveying the elevation of foe points along the pipe centeriine.
• Analyzing foe soil samples for soil type and a limited set of physical properties.
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The vibration data were collected by an Everlert III seismograph from Vibra Tech 
Engineers, which allow the simultaneous recording of data from two 3-axis geophones and 
two different microphones. The data were collected at locations above the centerline and 
at different offsets from the centerline as presented in Figures 3.6A and 3.6B. Times and 
bursting head locations were recorded during the bursting every ten feet using a watch 
synchronized to the clock in the seismograph. The seismograph can be run in four modes 
(single event, continuous, manual, and histogram), but only two modes were employed in 
this project: histogram and continuous. In order to utilize the limited memory of the 
seismograph to collect as much velocity data as possible as well as related data such as 
Peak Vector Sum (PVS), frequency, etc., the mode of monitoring was switched between 
the two modes. In the histogram mode, the seismograph recorded only the peak velocity 
for each time interval of 5 seconds using less memory than the continuous mode, but it did 
not record the frequency and PVS data at every point. Therefore, frequency and PVS 
data were not available for every record. In the continuous mode, data were collected at a 
rate of 5 to 6 events per minute; each event recorded the PPV, PVS, frequency, and 
velocity time chart. Examples of these event reports are presented in Appendix 3.1. In 
order to record as much vibration data as possible in the continuous mode, the typical 
monitoring plan shown in Figure 3.6B replaced the one shown in Figure 3.6A.
The seismograph has the following specifications:
• The particle velocity range is up to 10 inch/second
• The resolution is 0.005 inch/second
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• The accuracy level is 3% at 15 Hz
• The sampling rate is standard 1024 samples per second per channel (8192 for 8
channels)
• The frequency response range is 2 to 300 Hz.
The data points with frequency outside the range from 2 to 300 Hz or with particle 
velocity higher than 10 inch/second are not reliable because they are outside the specified 
operation range of the seismograph.
The different upsizing percentages and the different soil conditions for each of the bursts 
prevent direct comparisons among the bursting systems. Therefore the test results will be 
presented without using the burst system name as much as possible throughout the report; 
the emphasis will be on what the overall results mean.
Table 2 lists the seven Field Test Sites that were visited throughout the project and the
four TTC Test Sites. A designation, used throughout the report, was adapted for every 
site. The table also includes the type of bursting system employed for each project, 
contractor, depth of cover, type and diameter of old pipe, soil type, diameter of the 
bursting head, etc. A presentation of the collected data along with the site conditions of 
each site is discussed in Chapter 4.
The elevation of many points on the ground surface along the centerline of the pipe was 
surveyed before and after bursting. In each Field Test Site, a benchmark was marked by 
paint far from the bursting location to ensure that it did not move due to bursting.
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The points along the centerline were marked by paint, nails, or stakes according to the 
type of surface. Nails were not used on paved surfaces; the points and the benchmark 
were marked by paint only. The level measurements are assumed to have a potential error 
range in normal circumstances over the sites surveyed of up to 0 .1 to 0.15 inch for the 
combinations of the following reasons:
• The inability to use properly secured monitoring points especially on paved 
surfaces.
• The accuracy of the equipment, the reader, and the rod holder.
• The distances between the level, benchmark, and monitoring points sometimes 
were large.
Analysis Procedures
The analysis of the vibration data collected in this study has been evaluated under the 
assumption that the PPV of these vibrations has an inverse relationship with the scaled 
distance from the bursting head as discussed in Chapter 2. This relationship can be 
presented mathematically by any of the following equations:
Log (PPV) = Ci + S Log (D) Eq 3 .1
or
PPV = C2 (D)S Eq 3.2
Where Ci, C:, and S are constants and D is either the scaled or unsealed distance between 
the head and the monitoring point. S is the slope of the relationship line between log of 
PPV and log of D; S is negative. C is the PPV at a distance of I unit.
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The objective of this portion of the research is to establish the values of C and S or their 
potential ranges. This allows estimation of a distance from the bursting head farther than 
which buried pipelines, surface structures, or pavement will be safe. The cut off distance 
can be estimated based on a controlling PPV or a controlling PPV/frequency chan or table 
provided these buildings are in sound structural conditions. All of these controlling 
criteria are for the onset of cosmetic damage to one or two story residential structures 
such as the cracking of plaster or wallboard.
The cut-off standard employed throughout the report is based on the United States Bureau 
of Mines (USBM) envelope and the Office of Surface and Mining (OSM) PPV-frequency 
envelopes. A controlling limit of PPV can be established based on the type and status of 
the structure. Many US and Canadian investigators recommend safe level of 2 
inch/second for residential buildings and Sweden investigators recommend 3 inch/second 
for construction blasting (Wiss 1980). Dowding (1996) reported that buried structures 
could withstand particle velocities far in excess (at least 5.5 to 8.5 inch/second) of the 
typical 2 inch/second cautionary level. The PPV control limit for pipelines and buried 
structures can be safely assumed at 5 inch/second unless the existing pipeline is in a very 
poor structural condition. For buildings and pavements, it can be taken as 2 inch/second. 
As with any analytical prediction used in geotechnical engineering, the results are most 
effective as an aid to engineering judgement and experiences (Chapman et al 1996). 
Chapter 4 presents an analysis and discussion of the collected vibration data throughout 
the project.
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Dowding (1996) presented three case studies of buried structures subjected to high level 
of PPV (as high as 7.6 inch/second) without any reported damage. He also presented a 
theoretical explanation for the response of restrained structures. The explanation is based 
on the concept that ground strains control the response of the buried or restrained 
structures and those unrestrained above ground structures have the capacity to amplify 
selectively incoming ground motions. The three case studies involved blasting near a 
concrete culvert, pressurized gas pipeline, and pressurized water pipeline. The gas and 
water lines experienced velocities as high as 6.6 and 7.6 inch/second, respectively, without 
any leak or loss of pressure. All three projects involved inspection for blast effects. The 
pipelines were inspected for leaks and the culvert was inspected for cracks. No failure has 
been reported since blasting took place. In fact, all the steel pipelines were operating 
during the testing and blasting that produced the above mention velocities (Dowding 
1996).
The data from the two research components were analyzed for the effects of soil type in 
terms of peak velocity versus distance, vertical residual displacement versus distance, 
stress and strain in the HDPE pipe wail with burst distance, and pressure loss in the 
transverse pipes due to bursting. In addition, the movement and behavior of the 
surrounding soil and burst pipe debris were examined by post-test trenching and 
measurement.
Static cylindrical cavity expansion theory was examined to identify the likely dominant 
independent variables in the soil displacement magnitude caused by trenchless pipe
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replacement, [n addition, the displacement results were compared to those of the models 
developed by O’Rourke (1985) and Leach and Reed (1989).
The data collected during the bursting for each job was tabulated in a spreadsheet similar 
to the one shown in Appendix 3.3. For each event, the diagonal and horizontal distance 
between the bursting head and the geophone were calculated and added to the 
spreadsheet. The highest Peak Particle Velocity (PPV) and its direction. Peak Vector 
Sum (PVS), frequency, and type of surface were also added to the spreadsheet. Each time 
the seismograph records a set of PPV data in the continuous mode, the set of data is called 
an event. In the histogram mode, the seismograph records the highest PPV' value for the 
time span of 5 seconds; an event in the spreadsheet represents the highest PPV value for 
every I to 2 feet. The head position for each event was calculated through interpolation 
of the time/ station log. The geophone position for each event was recorded with ail the 
relevant information such as depth, type of surface, etc. In this report, the expressions 
velocity and PPV mean the highest particle velocity component at each event. During the 
course of the project, the monitoring point layout plan was altered to the layout shown in 
Figure 3.6B, and the use of the microphone was eliminated in order to record more events 
in the continuous mode where the PVS and the frequency data were recorded for every 
point.
A summary of the vibration data was presented in two graphs for each job. The data 
analysis started with filtering the data for only the events that had a frequency recorded. 
The filtered data were used to plot the second graph which presents the PPV or the PVS
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versus the frequency associated with them along with the USBM and OSM envelopes. 
These graphs represented the comparison of the collected data with the standard surface 
mining industry envelopes tor the lower threshold of cosmetic building damage.
The data analysis continued with sorting the data according to the direction of the highest 
component then plotting the highest peak particle velocity (PPV) components and peak 
vector sum (PVS) versus the distance from the bursting head for every monitored event on 
a log/log scale. Regression analysis between log of the diagonal distance between the 
bursting head and the geophone and log of the PPV/PVS was conducted to calculate the 
regression parameters such as Sum Squares of Errors (SSE), Total Sum of Squares (SST), 
correlation factor, slope, intercept, 95% prediction interval (PI), etc. The 95% PI upper 
limit and the regression line are plotted together with the data points (indicating the 
highest PPV component) on a log/log scale as shown in Chapter 4.
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ANALYSIS OF THE VIBRATION AND GROUND MOVEMENT DATA
Chapter 4 presents summary of vibration and around movement data for four TTC Test 
Sites and 11 Field Test Sites along with a brief description of the site conditions of each 
one. For each test site, the findings of the vibration and ground movement data analysis 
are briefly presented and discussed. The vibration data for all test sites is presented on 
summary plots and the significance of the data is discussed. The findings of ground 
movement (surface and near the burst) are also discussed.
TTC Test Sites
TTC Test Site # 1
TTC Test Site #1 is the designation given to the first pipe replacement carried out at the 
TTC Test in Ruston, LA TT Technologies, Inc., using a pneumatic bursting system, 
carried out the pipe replacement. The old pipe was 8 inch-in diameter-VCP, and it was 
replaced by 12 inch-in diameter-HDPE pipe; the upsize percentage was 50%. The 
diameter of the base of the bursting head (the expander) was approximately 14.2 inches, 
and the outside diameter of the HD PE pipe was approximately 12.75 inches leaving about 
0.7 inch of nominal overcut around the pipe. The length of the bursting run was slightly 
over 92 feet. As shown in Figure 4.1, the first 10 feet of the pipe length was situated in a
68
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natural clay soil followed by 48 feet of clay-gravel and 34 feet of sand. The soils 
described above covered the pipe to about one-foot above the crown, and they were 
overlain by compacted natural clay soil to the ground surface as shown in Figure 4.1. 
The rate of progress of bursting was variable during the experiment with the rate towards 
the last few feet being significantly slower than that at the beginning. The 92 feet of 
trenchless pipe replacement took 73 minutes. The air pressure and winch gauges during 
the test recorded approximately 110 psi and 4 tons respectively.
All the vibration data points recorded with an associated frequency plotted below the 
LFSBM and OSM envelopes that give a lower threshold of cosmetic building damage, 
except for two points out of 141 data points as shown in Figure 4.2. The peak vector sum 
(PVS) of these two points equals 2.06 and 1.69 inch/second. The second point was on 
the USBM envelope and below the OSM envelope. Both were recorded when the 
geophones were at station 43 and offsets of two feet on different sides of the centerline. 
The bursting head was at station 4 1 when the first reading was recorded and at 43 when 
the second one was recorded. The slant distance from the head to the surface geophones 
were 6.63 and 6.32 feet, respectively. There were many data points at similar distance 
that show much lower PVS values.
The correlation coefficient between the log of the peak particle velocity (PPV) and the 
log of the distance from the head is (-0.48) which indicates weak correlation between the 
two variables. The regression line, shown in Figure 4.3, indicates that the PPV at one
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foot from the pipe was equal to 6.18 inch/second, and that the PPV was equal to 2 
inch/second at 2.57 feet from the head.
The slope of the regression line is (-1.19) which indicates high dependency of the PPV on 
the distance from the bursting bead i.e. PPV deteriorated quickly as the distance from the 
head increased. This rate of decay with distance is slightly less than that for the typical 
construction vibration decays discussed in Chapter 2. Figure 4.4 presents a time history 
for an event when the head was at station 27 and the geophone was above the head. 
Figure 4.5 presents a time history for an event when the head was at station 65 and the 
geophone was at station 69 with an offset of 8 feet.
In the sand section, the settlement plates set at 2 feet above the VCP moved 
approximately similar to the plates at one foot above the VCP. The settlement plates set 
at one foot in the sand section (station 70) did not respond symmetrically. They heaved 
to a maximum of 1.93 inch at one side and settled to a maximum of 2.29 inch on the 
other side as shown in Figure 4.6. The settlement plates set at two feet above the VCP 
pipe in the sand - heaved to a maximum of 2.16 inch and settled to a maximum of 2.86 
inch. Figure 4.6 also indicates that the movement close to the centerline was less than the 
movement far from the centerline. This asymmetric behavior is probably caused by 
localized collapse of the sand following the bursting operation. The ground movements 
in the sand were probably affected by the presence of the six-inch-sag in the clay pipe 
near the location of the settlement plates. The sand backfill was wet and was probably 
prone to uneven soil collapse around the pipe. This may explain the displacement away
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from the pipe on one side and the collapse toward the pipe in another side. The results 
show that soil movements can be strongly affected by local soil and pipe conditions and 
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Figure 4.6 Settlement Plates Movement for 50 % Upsizing for TTC Test Site =1
The ground movements experienced by the plates in the clay-gravel section followed the 
expected pattern of maximum heave above the centerline and less heave away from the 
centerline. At this section, the soil experienced heave at 1 foot above the pipe and 
settlement at 2 feet above the pipe. The settlement plates set at one foot above the VCP 
pipe in the clay-gravel section heaved a maximum of 1.27 inch at the centerline of the 
pipe. No settlement was observed in this set of plates as shown in Figure 4.6. The 
pattern of movements of the plates at two feet above the VCP was very similar to that at
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one foot above the VCP. There was no heave in this set, but there was settlement with a 
maximum value of 0.95 inch.
The measured ground surface movement in the sand section was settlement, but it was 
mostly heave in the clay-gravel section as shown in Figure 4.7. The setdement range in 
the sand section was from 0.3 to 0.72 inches. On the other hand, the ground surface 
movement in the clay-gravel section ranged from -0.48 to 0.74 inch. The sand set # 2, at 
station 80, showed more settlement at a 10 to 15 feet offset from the centerline than that 
at closer distance to the centerline. It is thought that these surface movement points may 
have been disturbed during the pipe replacement process.
0 .6
0.2
- 0 .6  -
-1.5
Distance from the centerline (feet)
1.5 7.5-7.5 4.5 10.5 13.5-4.5
Sand set 1 Clay gravel set 1 --Clay gravel set 2Sand set 2
Figure 4.7 Surface Ground Movement for 50 % Upsizing for TTC Test Site #1
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The instrument clusters used at the TTC Test Sites included two pressurized PVC pipes, 
two inches in diameter. One was located one foot above the top outside surface of the 
VCP, and the other was placed two feet above the VCP. The pipes were pressurized 
before each burst to more than 50 psi, and the pressure gauge readings were recorded 
before and after each burst. The pressure gauge readings in this test did not change after 
the burst from that recorded before the burst at both distances from the VCP pipe (i.e. one 
foot and two feet).
Measurements were made of the positions of the VCP pipes along the longitudinal axis of 
the pipe prior to bursting by surveying the pipes during installation and by passing a pipe- 
profiling device through the pipe. The VCP for this test was surveyed during the 
installation but was not profiled before the bursting due to problems with the initial 
profiling device becoming wedged on pieces of gravel lying on the invert of the pipe. 
The profiling device was modified for profiling the remaining pipes so that it would pass 
more easily through any sediment in the invert of the pipe. The profiled and the surveyed 
centerlines for TTC Test Site #1 were compared. The profiled centerline data was found 
unreliable and consequently was disregarded.
The VCP fragment pattern was studied through an excavated trench at station 68. The 
soil type around the pipe in this excavation was sand. The positions of most of the VCP 
fragments were at both sides and at the bottom of the HDPE pipe. There were no 
fragments on the top half of the HDPE pipe. The located fragments account for 
approximately 60% of the total exposed surface area of the VCP pipe. The other 40%
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were crushed and mixed with the surrounding soil. The size of the fragments ranged 
from approximately I inch by I inch to approximately 4 inch by 6 inch. The average 
distance between the fragments and HDPE pipe was approximately 0.25 inch. The depth 
of the scratches from the VCP fragments on the HDPE pipe was nearly 0.04 inch. Most 
of the scratches were visible on the exposed HDPE pipe surface, and there were about 10 
scratches per circumference inch. Approximately half of a broken plastic coupler of the 
VCP pipe was found in the excavation.
TTC Test Site # 2
TTC Test Site # 2 represents the second trenchless pipe replacement that was carried out 
at the TTC Test Site in Ruston, LA. Kinsel Industries and Midsouth Trenchless, Inc. 
carried out the pipe replacement using the static pull bursting system (TRS). The old 
pipe was 8-inch diameter V'CP and was replaced by 12-inch diameter HDPE pipe; the 
upsize percentage was 50%. The diameter of the base of the bursting head was 
approximately 15.5 inches, and the outside diameter of the HDPE pipe was 
approximately 12.75 inches leaving about 1.35 inch of nominal overcut around the pipe. 
The length of the bursting run was slightly over 92 feet. As shown in Figure 4 .1, the soil 
profile was similar to that of TTC Test Site #1. The hydraulic pressure gauge readings on 
the pulling unit ranged from 500 psi to 2700 psi.
Due to the construction details of the temporary shaft used for pulling the burst head and 
replacement pipe, the pressure distribution thrust plate normally used with the TRS 
equipment could not be used without substantially reworking the shaft or thrust plate.
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Consequently, the reaction from the hydraulic pull of the unit thrust against the lower 
horizontal lagging of the shaft only. The lack of distribution of the reaction to a wider 
area of the shaft wall caused problems later in the pipe burst when the head reached the 
pipe section with a 6-inch sag. Extra force was needed to pull the head and replacement 
pipe through this area which caused significant movement of the lower lagging of the 
shaft inward toward the soil. This movement caused some misalignment of the hydraulic 
pulling unit with the VCP pipe and the remainder of the shaft wail as shown in Appendix 
3.1. The burst was finished by making some periodic adjustments to the alignment of the 
jacking frame and some partially successful attempts to spread the load over a larger area 
of the shaft wall. The burst operation took 119 minutes including the delay to re-adjust 
the pressure distribution thrust plate.
All the vibration data points recorded with an associated frequency were below the 
USBM and OSM envelopes, except for one point out of 30 points as shown in Figure 4.8. 
The PVS of this point equals 0.43 inch/second, and the frequency was 1.6 Hz. This point 
as shown in the figure was slightly above the USBM and OSM envelope. It was recorded 
when the geophone was at station 83 with zero offset, and when the bursting head was at 
station 79. The diagonal distance for this reading from the head to the geophone was 
7.21 feet. This reading is not considered significant because the vibration data 
acquisition system used is not considered accurate at a frequency below 2 Hz as 
discussed in Chapter 2.
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There was an anomalous data 
point of PPV value of 5.27 
inch/second occurred when 
the geophone was at station 
79 and offset of 16 feet. The 
bursting head was at station 
65 leaving a diagonal 
distance of 22 feet. This 
point is believed to have 
been triggered by sources 
other than the bursting 
operation and was therefore 
ignored because:
• The vibration data collected by the other geophone at closer offset (8 feet) and at 
less diagonal distance (10.77 feet) was 0.07 inch/second.
• It was the only high value when the geophone was in this location; the second 
highest value was 0.47 inch/second. All other values were below 0.25 
inch/second
Figure 4.9 indicates that the relationship between log PPV and log distance from the head 
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Figure 4.8 Velocity vs. Frequency for TTC Test 
Site # 2
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two variables is positive and weak (r=0.165), and the slope of the regression line is 
positive (0.475). The hydraulic pressure gauge readings from gauges on the equipment 
were collected during the test; they were used as an indication of the variation in the 
energy consumed at the head. The relationship between log PPV and log of the distance 
from the head [R] over the square root of the pressure gauge reading [P], i.e. log (R/P0'5), 
was investigated; the correlation coefficient was still positive and weak (r=0.024). The 
relationship between log PPV and log the distance from the head [R] over the cubic root 
of the pressure gauge reading [P], i.e. log (R/P 0J3), was also investigated; the correlation 
coefficient was still positive and weak (r=0.066).
Figure 4.9 shows that at the closest distance (6 feet) the peak velocity recorded varied 
between 0.01 to 0.7 inch/second (nearly two log cycles). Figure 4.10 presents a time 
history for an event when the head was at station 80 and the geophone was above the 
head. Figure 11 presents a time history for an event when the head was at station 67 and 
the geophone was at station 69 with an offset of 8 feet. These curves show that the 
transient events are small and non periodic as it is expected from the static nature of the 
energy source that produce the breakage and expansion.
The positive slope of the regression line and the weak and positive correlation between 
the two variables indicate that the research hypothesis of an inverse relationship between 
the log of PPV and the log of the distance is not demonstrated in this test. The static pull 
(TRS) system releases its energy in cycles; each cycle lasts from a minute to a few 
minutes. The cycle starts with a high burst of energy for a few seconds to break the pipe
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and pull the four feet rod then 1 to 2 minutes to remove the rod and start the next cycle. 
During this I to 2 minute period, the pulling system is not releasing any significant 
energy. The seismograph monitors and records the vibrations resulted from the burst and 
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Figure 4.9 Velocity vs. Distance from the Head for TTC Test Site # 2
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Figure 4.10 Time History for an Event when the Head Was at Station 80 and the 
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Figure 4.11 Time History for an Event when the Head was at 67 and the Geophone 
Was at Station 69 With an Offset of 8 Feet
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The seismograph records the vibrations every five to ten seconds depending on the 
machine’s monitoring mode; therefore, one event records high velocity and a number of 
events record low velocity while the head and the geophone are in the same location (Le. 
the distance from the head is constant). The large number of events with low velocities 
dilutes the velocity readings recorded by the machine.
The settlement plates set in the sand section experienced more heave than that at the ciay- 
gravel section. The settlement plates in the sand at one foot and two feet above the 
centerline of the pipe heaved 3.16 inches and 2.36 inches, respectively. The heave was 
reduced to 0 .1 inch at 3 feet offset from the centerline as shown in Figure 4.12. The 
settlement plates in the clay at one foot and two feet above the centerline of the pipe 
heaved 1.54 inches and 1.38 inches respectively. The heave in the clay settlement plates 
was also reduced to almost none at 3 feet offset from the centerline. The difference 
between the maximum heave at one foot and two foot above the pipe in the sand (0.8 
inches) was more than that difference in the clay-gravel section (0.016 inches). The 
difference may be attributed to the sag and/or the soil conditions.
The surface monitoring points sets 41 and #2 in the clay-gravel section were at stations 
12 and 30, respectively, and the sets 4 I and 4 2 in the sand section were at stations 66 
and 80, respectively. The surface ground movement followed the expected pattern of 
higher movement above the pipe and lower movements at farther offsets from the pipe. 
The clay-gravel set 41 (at station 12) heaved a maximum of 1.34 inch and settled a 
maximum of 0.22 inch as shown in Figure 4.13. The clay-gravel set 42 at (station 30)
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Figure 4.12 Settlement Plates Movement for 50 % Upsizing for TTC Test Site #2
had a maximum heave of 0.43 inch and maximum settlement of 0.28 inch. The sand set # 
1 indicated a maximum heave of 0.5 inch above the centeriine of the pipe and a 
maximum settlement of 0.2 inch away from the centerline. The sand set # 2 indicated a 
maximum heave of 1.88 inch above centerline; the heave was reduced to almost nothing 
at four feet offset from the centerline. Settlement was recorded at greater offset 
distances. The high heave values in the sand section are expected to be affected by the 
presence of the 6-inch sag from station 62 to 73. The heave values of the sand set #2 (at 
station 80) in particular (only 12 feet away from the pulling shaft wall) are thought to be 
influenced by the significant inward displacement of the shaft lagging (several inches) 
which would cause heave movements in the surrounding soil.
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Figure 4.13 Surface Ground Movement for 50% Upsizing for TTC Test Site # 2
The pressure gauge readings on the PVC pipes above the burst pipe did not change after 
the burst from that recorded before the burst for both PVC pipes at two feet above the 
VCP pipe. The pressurized pipe at one foot above the VCP in the clay-gravel section 
also maintained its pressure. However, the other pipe, in the sand section, did not 
maintain its pressure, and the pressure dropped to zero. The presence of the sag and the 
movement of the shaft wall may again have affected this failure. It should also be noted 
that the PVC pipes extended across both TTC Test Site #1 and TTC Test Site #2. Thus 
the PVC pipes were being distorted for a second time following the 50% upsizing for 
TTC Test Site #1.
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The VCP and the HDPE pipes were profiled and surveyed before and after the bursting, 
respectively. However, a discrepancy of 3 to 4 inches between the profiled and the 
surveyed data of the elevations of the top of the HDPE pipe was found. Therefore, the 
centerline comparison for TTC Test Site #2 was also disregarded.
The VCP fragment investigation for this site was in the sand section at station 68. Most 
of the fragments of VCP pipe were found at both sides and at the bottom of HDPE pipe. 
Approximately half of the total possible fragments were collected. The remainder of the 
fragments may have been small in size and mixed with the surrounding sand or buried 
deep under the bottom of the HDPE pipe. The size of the fragments ranged from about 1 
inch by I inch to 2 inch by 8 inch. There was an average distance of 0.13 inch between 
the VCP fragments and HDPE pipe. After cleaning the HDPE pipe, large but shallow 
(approximately 0.04 inch deep) scratches could be seen clearly on the exposed area.
TTC Test Site # 3
TTC Test Site # 3 represents the third pipe replacement carried out at the TTC Test Site 
in Ruston, LA. Miller Pipeline Corporation using the Xpandit trenchless pipe 
replacement carried out the replacement. The old pipe was 8-inch diameter-VCP, and it 
was replaced by 10-inch diameter HDPE pipe; the upsize percentage was 25%. The 
diameter of the base of the bursting head (expanded) was 11.56 inches and the outside 
diameter of the HDPE pipe was approximately 10.75 inches leaving about 0.41 inch of 
nominal overcut around the pipe. The length of the trenchless pipe replacement run was 
94 feet. As shown in Figure 4.14, the first 48 feet was natural clay soil, followed by 46
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feet of silt. The hydraulic gauge readings of the winch started at 600 psi ( 11.78 tons) and 
finished at 1100 psi (21.60 tons). The Xpandit head pressure gage readings ranged 
between 1200 and 2500 psi.
All the 89 vibration data points with recorded frequency were below the USBM and 
OSM envelopes as shown in Figure 4.15. During the execution of this test, a geophone 
was placed on the bottom of a four feet deep hole (approximately two feet above the VCP 
pipe). This geophone monitored the vibration level as close to the head as two feet. The 
highest reading for this geophone was 0.285 inch/second. The highest PVS reading for 
the rest of the test was 0.153 inch/second. The frequency ranged from I Hz to more than 
100 Hz.
Figure 4.16 indicates that the relationship between log PPV and log of the distance from 
the head is again not the expected inverse relationship. The correlation coefficient 
between the two variables is positive and weak (r=0.166), and the slope of the regression 
line is positive (0.3423). The positive slope of the regression line and the weak and 
positive correlation between the two variables indicates that the research hypothesis is not 
demonstrated for this test. Figure 4.17 presents the time history for an event when the 
head was at 29 and the geophone was at station 30 above the pipe. Figure 4.18 time 
history for an event when the head was at 55 and the geophone was at station 58 with an 
offset of 8 feet.
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The hydraulic pressure gauge readings collected during the test were used as an indication 
of the variation in the consumed energy at the head. The relationship between log PPV 
and log the distance from the head [R] divided by the square root of the pressure gauge 
reading [P], i.e. log (R/Pu'5), was investigated; the correlation coefficient was still positive 
and weaker (r=0.160). The relationship between log PPV and log of the distance from the 
head [R] divided by the cubic root of the pressure gauge reading [P], i.e. log (R/PU“,J), was 
also investigated; the correlation coefficient was still positive and weak (r=0.163).
The data were collected in the histogram (event every 5 seconds) and the continuous 
(event every 10 to 15 seconds) sampling mode. The cycle of the hydraulic system took 
about 30 seconds (2 to 4 seconds of expanding, another 2 to 4 seconds of pulling, and 22 
to 26 seconds for communication and responding between the two operators). Hence a 
portion of the data points at a given distance represents the soil’s response to the 
expansion action, and a larger portion of these data represents the reflections of the 
vibrations from the expansion. The second set of data diluted the regression analysis of 
the relation between distance to the bursting tool and the velocity.
The settlement plates set at one foot above the VCP pipe in the silt section heaved 
approximately the same as that at two foot as shown in Figure 4.19. The first one heaved 
0.76 inch, and the second one heaved 0.78 inch, but the difference in the readings (0.02 
inch) is below the measurement accuracy of the surveying equipment. The maximum 
heave for both was at the centerline. The settlement plates movements were almost
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symmetrical around the centerline. The heave turns to an indicated settlement at offsets 
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Figure 4.19 Settlement Plates Movement for 25% Upsizing for TTC Test Site # 3
The maximum measured ground surface movement in the silt section was 0.13 inch of 
heave around the centerline and 0.13 inch of settlement far from the centerline. It was 
mostly heave in the clay section as shown in Figure 4.20; the ground surface movement in 
the clay section ranged from -0.23 to 0.34 inch. The clay set # I showed slightly more 
heave at the centerline than the clay set # 2 at the same location. The silt set showed less 
ground movement than the clay set. The ground movement profiles (settlement plates and 
surface movements) for this TTC Test Site were more regular and followed more of the
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Figure 4.20 Surface Ground Movement For 25% Upsizing for TTC Test Site # 3
expected classical pattern. It is thought that this is due to the different soil types present 
in Test Sites # 3 and #4, the lower degree of upsizing, and the fact that no sag section was 
present in the line.
The pressure gauge readings for the pressurized PVC water pipes for this test did not 
change after the burst from those recorded before the burst at both distances from the 
VCP pipe (one foot and two feet).
Measurements were made of the position of centerline of the VCP (prior to bursting) and 
the HDPE pipes (after bursting) along the longitudinal axis of the pipe by surveying and by 
passing a pipe profiling device through the pipe. The problem with the initial profiling
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device (becoming wedged on pieces of gravel lying on the invert of the pipe) was 
corrected. The profiling device was modified for profiling the remaining pipes so that it 
would pass more easily through any sediment in the invert of the pipe. The elevations of 
the centerline from profiling were checked against those from the surveying, and the 
maximum difference found was about one inch. This difference is reasonable considering 
the accuracy of the profiling and surveying techniques. •
Figure 4.21 shows the profile of the centerline of the HDPE pipe and the VCP pipe along 
the longitudinal axis of both pipes. As shown in the figure, the HDPE pipe followed the 
general nominal slope of the VCP pipe, and the average slope of both pipes is 
approximately the same. The difference between the centerline of the HDPE pipe and that 
of the VCP was positive along most of the 92 feet, as shown in Figure 4.22. The average 
and maximum differences were 1.33 and 3 inch, respectively. The maximum value of 
positive difference took place in the silt section where difficulty had been experienced in 
compacting the first layer above the pipe to the required density in the test bed preparation 
due to extremely wet weather. A lower compaction increases the likelihood of upward 
movement.
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Figure 4.22 The Difference in Elevations Between the PE and the VCP for 25%
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In the case of positive difference between the centerline elevations of the HDPE and VCP 
pipes, the distance above the VCP pipe within which a nearby utility will be hit by the 
bursting head (dt) can be calculated by the following formula:
= "r ̂ -pos — rv Eq 4.1
where Apos= the positive difference between the centerline of elevations of the HDPE and 
VCP pipes, n,= the radius of the base of the bursting head, and rv = the radius of the VCP.
For a crossing pipe located above the existing pipe, direct interference would occur in the
worst case when the separation distance of the pipes is 4.44 inch. The average required 
separation distance is 2.77 inch according to equation 4.1.
In the case of negative difference between the centerline elevations of the HDPE and VCP 
pipes, the distance below the VCP pipe within which a nearby utility will be hit by the 
bursting head (db) can be calculated by the following formula:
d b = + neg -  rv ^
where Anc!!= the negative difference between the centerline of elevations of the HDPE pipe 
and the VCP.
The VCP fragment investigation took place at two sections in this test site: one was in the 
clay soil at station 20, and the other was in the siit section at station 67. In the silt soil 
section, the broken VCP pipe fragments had maintained their relative position around the 
pipe as shown in Figure 4.23. Approximately 85% of the total fragments were recovered, 
their size ranged from 0.75 inch by I inch to 3 inch by 4 inch. The deepest scratch in the
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HDPE pipe was 
approximately 0.04 inch and 
some shallower scratches 
existed. However, it was 
noted during the installation 
of this pipe that a deep 
scratch was being made in 
the pipe at the entry point 
through the sheet pile wall. 
In the clay soil section, the 
collected fragments
accounted for about 65% of 
the total exposed area. The 
lost part was either crushed 
or mixed with the clay. The size of the fragments was almost the same as for the silt 
section, except for one large piece approximately 6 inch by 7 inch. There were many 
shallow scratches approximately 0.02 inch deep on the HDPE pipe but none was deep. 
The distance between the VCP fragments and HDPE pipe varied from 0.13 to 0.25 inch.
TTC Test Site # 4
TTC Test Site # 4 represents the fourth pipe bursting method carried out at the TTC Test 
Site in Ruston, LA. TT Technologies, Inc. using a pneumatic trenchless pipe replacement
r a t
Figure 4.23 The Broken VCP Pipe Fragments
Maintaining Relative Position Around the 
HDPE in the Silt Soil
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carried out the replacement. The old pipe, 8-inch diameter VCP, was replaced by 10-inch 
diameter HDPE pipe; the upsize percentage was 25%. The diameter of the base of the 
bursting head (the expander) was approximately 11.75 inches, and the outside diameter of 
the HDPE pipe was approximately 10.75 inches, leaving about 0.5 inch of nominal overcut 
around the pipe. The length of the bursting run was 94 feet. As shown in Figure 4.14, the 
first 48 feet was natural clay soil followed by 46 feet of silt. The silt covered the pipe to 
about one-foot above the pipe; then it was overlain by natural clay soil to the ground 
surface. As in the case of TTC Test Site #1, the rate of progress towards the last few feet 
o f the burst was slower than that at the beginning. The air pressure and winch gauge 
readings during the test were approximately 110 psi and 4 ton, respectively.
All the vibration data points recorded with an associated frequency were below the USBM 
and OSM envelopes as shown in Figure 4.24. During the test, a geophone was placed at 
the bottom of a hole four teet deep (about two feet above the pipe) to repeat the 
measurements made at TTC Test Site #3. The holes had some water at the bottom that 
was difficult to remove. This resulted in water leaking into the sensors within the 
geophone. The readings from this geophone were not considered reliable and were 
discarded. The geophone was sent to the manufacturer for repair (when the problem was 
discovered during Field Test Site ff 5) before any other test was made.
The correlation coefficient between log PPV and log of the distance from the head is (-  
0.24) which indicates weak correlation between the two variables. The regression line 
indicates that the PPV at one foot from the pipe is equal to 0.78 inch/second as shown in
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Figure 4.25. The 95% 
prediction interval upper limit 
for the PPV is equal to 2 
inch/second at 1.3 feet from the 
head. The slope of the 
regression line is (-0.329) which 
indicates weak dependency of 
the PPV on the distance from 
the bursting head.
The correlation between 
distance and PVS was also 
investigated. The correlation 
coefficient between log PVS 
and log of the distance from the head is (-0.5S) which indicates moderate correlation 
between the two variables. The slope of the regression line is (-0.95) which indicates 
stronger dependency of the PVS on the distance from the bursting head. Figure 4.26 
presents the time history for an event when the head was at 18 and the geophone was at 
station 18 above the pipe. Figure 4.27 presents a time history for an event when the head
was at 56 and the geophone was at station 58 with an offset of 8 feet.
The measured ground surface movement in the silt section was settlement and in the clay 
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Figure 4.24 Velocity vs. Frequency for TTC 
Test Site # 4
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from 0.17 to 0.42 inches. On 
the other hand, the ground
surface movement in the clav 
section ranged from -0.3 to 
+0.59 inch. The clav set Sr 2 
showed slightly more heave at 
the centerline than the clay set 
# I at the same offsets.
The settlement plates at one 
foot above the VCP pipe
heaved a maximum of 0.63 inch 
as shown in Figure 4.29. The 
settlement plates at two feet 
above the pipe heaved 0.63 inch at the centerline, but the maximum heave of 0.S6  inch
occurred at 1.5 feet offset to the centerline on the side away from the burst at TTC Test
Site nr 3.
The pressure gauge readings on the PVC pipes for this test did not change after the burst 
from those recorded before the burst at both distances from the VCP pipe (i.e. at one foot 
and two feet above the existing VCP pipe).
o.oi
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Figure 4.25 Velocity vs. Distance from the 
Head for TTC Test Site # 4
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Figure 4.27 Time History for an Event when the Head was at 56 and the Geophone 
Was at Station 58 With an Offset of 8 Feet
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Figure 4.29 Settlement Plates Movement for 25% Upsize for TTC Test Site # 4
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
103
Figure 4.21 shows the profile of the centerline of the HDPE pipe and the VCP pipe along 
the longitudinal axis of both pipes. As shown in the figure, the HDPE pipe followed the 
general nominal slope of the VCP pipe, and the average slope of both pipes is 
approximately the same. The difference between the centerline of the HDPE pipe and that 
of the VCP was negative along most of the monitored 84 feet, as shown in Figure 4.22. 
The average and maximum values of the negative differences were -1.52 and -3.00 inch, 
respectively. The maximum value of negative difference occurred in the clay section at 
station 24. The HDPE pipe and the bursting head were sloped sharply downward at the 
insertion point because the access hole in the steel sheet pile did not have a large overcut. 
It was difficult to maneuver the head to the exact slope of the VCP pipe. This is probably 
the reason for the downward slope in the first 25 feet before the slope turned upward 
trying to match the slope of the VCP pipe. The difference between the elevations of the 
centerline of both pipes turned positive in the silt section. For a crossing pipe located 
below the existing pipe, direct interference would occur in the worst case when the 
separation distance of the pipes is 4.625 inch. The average required separation is 3.15 
inch. The separation distance was calculated using equation 4.2.
The fragment investigation in this test site was similar to TTC Test Site #3. Two trenches 
were excavated: one in the silt section and one in the clay section. Because some crushed 
powder and small fragments were mixed with the soil, the total collection of fragments 
was about 70% in the silt soil section and was about 75% in the clay soil section. The 
largest fragment collected in the silt soil section was 11 inch by 7 inch and the smallest
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fragment was approximately 2  inch, by 2  inch. For both sections, there were many shallow 
scratches on the surface of HDPE pipe. The average distance between the VCP fragments 
and the HDPE pipe was approximately 0.13 inch in both sections. The size of fragments 
in the clay soil section ranged from approximately 1 inch by I inch to L1 inch by 5 inch.
Field Test Sites
Field Test Site # 1
The bursting in the Field Test Site # 1 took place in Baton Rouge, LA and was carried out 
by Magnolia Construction Company using a pneumatic trenchless pipe replacement 
system. The depth of cover was approximately 10 feet, and the soil surrounding the pipe 
was clay. The old pipe was 10-inch diameter VCP. It was replaced by 10-inch diameter 
HDPE pipe. The length of the trenchless pipe replacement run was more than 390 feet. 
The diameter of the base of the bursting cone was approximately 14.5 inches and the 
outside diameter of the HDPE pipe was approximately 12.5 inches leaving about one inch 
of nominal overcut around the pipe. The ground surface was compact natural soil. The 
rate of progress towards the end of the job was much slower after approximately 160 feet. 
It took 70 minutes to replace the first 160 feet with the new pipe and 135 minutes to 
replace the following 110 feet. The air pressure and winch gauge readings at the 
beginning of the burst were about 110 psi and 6 ton, respectively. They were later 
increased to 120 psi and 8 ton, respectively towards the end. The highest noise level 
recorded during the pneumatic bursting was 86 dB. The background noise close to 
highway, railroad, and construction equipment ranged from 70 to 105 dB; therefore, it
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was decided that noise is not a major factor in the bursting operation. In the other sites, 
noise was not recorded to utilize the memory of the seismograph for other data collection.
All the vibration peak data points 
recorded were plotted versus their 
associated frequency and were 
below the USBM and OSM 
envelopes, as shown in Figure 4.30. 
There were two additional points 
with PPV values of 2.1 and 2.7 
inch/second recorded in the 
histogram mode which does not 
provide associated frequency data. 
These two readings appear 
anomalous and may have been 
caused by external events or a 
malfunction of the geophone. The majority o f the data recorded at the beginning were 
collected in the histogram mode, and that recorded towards the end were collected in the 
continuous mode. They were recorded when the geophone was at station 90 and an offset 
of one foot, and the bursting head was passing from station 52 to 55 (35 to 38 feet of
horizontal distance from the head). A second geophone at the same station and the same
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Figure 4.30 Velocity vs. Frequency Field 
Test Site # 1
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the PPV data collected by the second geophone at this station was 1.2 and 0.51 
inch/second, respectively. The PPV data recorded by this geophone was much lower than 
that of the first geophone. These lower PPV values were more in line with the data 
collected for the rest of the job.
The correlation coefficient between the log PPV and the log of the distance from the head 
is (-0.7) which indicates medium correlation between the two variables. When the few 
high data points (when the geophone was at station 90) were excluded, the correlation 
coefficient increased to (-0.83) which is considered a high correlation. The regression line 
indicates that the PPV at one foot from the pipe is equal to 10.5 inch/second, as shown in 
Figure 4.31. In addition, at 3.2 foot from the head, the PPV is equal to 2 inch/second. 
The slope of the regression line is (-1.37) which indicates high dependency of the PPV on 
the distance from the bursting head i.e. PPV deteriorated quickly as the distance from the 
head increased. When the above-mentioned high PPV points were excluded, the slope is 
increased to (-1.6). This rate of velocity decay with distance is typical of other ground 
disturbance for construction activities such as pile driving, blasting, etc. (Wiss 1980).
The measured ground surface movement for this job was heave in the range of 0.6 to 3.06 
inches with the last seven points around 2.8 inches, as shown in figure 4.32. These points 
occurred later in the job as the bursting rate slowed, possibly due to the presence of less 
compressible soil. The average heave was 2.35 inches. The greater heave associated with 
the slower progress of the bursting head would be consistent with a more compact soil 
condition around the existing pipe.
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Figure 4.3 I Velocity vs. Distance from the Head Field Test Site # I 
Field Test Site # 2
The trenchless pipe replacement in the Field Test Site # 2 took place on London St., 
Houston, TX and was carried out by PM Construction using a pneumatic trenchless pipe 
replacement system. This trenchless pipe replacement job was the first of three 
trenchless pipe replacement demonstrations in Houston, TX The three jobs were 
planned to start 30 to 45 minutes after each other to demonstrate the different bursting 
techniques to attendees at the Underground Construction Technology Conference in
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
108
Houston in January 1997. Therefore, the vibration monitoring took place for only 60 feet 
in Field Test Sites #2 and #4. The majority of the data were collected in the histogram- 
sampling mode.
PM Construction reduced the street surface excavation by drilling a pilot hole through the 
ground at 40 feet behind the manhole. The slope of the hole was one vertical to four 
horizontal to accommodate the HDPE pipe. Then the pulling cable was fished through 
the pilot hole, and the old pipe was connected to the winch. The bursting head was then 
connected to the cable and pulled through the soil using the pneumatic hammer. The 
bursting head in this portion of the job was acting as a piercing tool compacting the 
surrounding soil and pulling the PE pipe behind it.
The depth of cover varied in this portion of the job from 2.5 feet to 11 feet. The soil 
surrounding the pipe was dark gray clay. The old pipe was 6 inch diameter VCP. and it 
was replaced by 8 inch diameter HDPE pipe. The upsize percentage was 33%. The 
length of the trenchless pipe replacement am was more than 330 feet, but the vibration 
data was collected for only 60 feet in order to be able to monitor the vibration in the next 
job (Field Test Site £ 3). The diameter of the base of the bursting cone was about 11 
inches and the outside diameter of the HDPE pipe was about 8.5 inches leaving about
1.25 inch nominal overcut around the pipe. The ground surface consisted of a 1.5 feet 
thick layer of asphalt pavement. The air pressure gauge reading for the bursting head was 
around 110 psi and the gauge reading for the winch was about 6 ton.
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Figure 4.32 Surface Ground Movement along the Pipe Axis Associated with 
Trenchless Pipe Replacement for Field Test Sites
Figures 4.33 and 4.34 show that all PPV values recorded for this job were below I 
inch/second and below the USBM and OSM envelopes. The regression line intercepts 
the one-foot distance from the headline at 0.43 inch/second and the 95% upper limit line 
intercepts at 1.59 inch/second. The slope of the regression line is (-0.64). The 
correlation coefficient between log PPV and log the distance from the head is (-0.48) 
which indicates medium level of correlation between the two variables.
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Field Test Site # 3
The trenchless pipe replacement in the Field Test Site # 3 took place on Madrid St., 
Houston, TX and was carried out by Kinsel Industries using a cable trenchless pipe 
replacement. The depth of cover was about 6.5 feet, and the soil surrounding the pipe 
was clay. The old pipe was 6-inch diameter VCP and was replaced by 8-inch diameter 
HDPE pipe. The upsize percentage was 33%. The length of the trenchless pipe 
replacement run was more than 275 feet. The diameter of the base of the bursting cone 
was about 11 inches and the outside diameter of the HDPE pipe was about 8.5 inches 
leaving about 1.25 inch nominal overcut around the pipe. The ground surface consisted 
of a 1.5 feet thick layered pavement structure with asphalt surface. The rate of progress 
was very fast; it took 17 minutes to burst the 275 feet. The majority of the collected data 
were recorded in the histogram mode.
All the vibration data points recorded with an associated frequency were much below the 
USBM and OSM envelopes, as shown in Figure 4.35. The highest PPV reading recorded 
on this job was 0.17 inch/second. In addition, the rest of the data were below 0.1 
inch/second, as shown in Figure 4.36. The correlation coefficient between the log of 
PPV and the log of the distance from the head is almost zero which indicates that there is 
no correlation between the two variables. In addition, the regression line is almost 
horizontal which indicates that PPV did not depend on the distance from the head.
Figure 4.32 indicates that the ground surface heave ranged from .012 to 1.26 inch with an 
average level of 0.79 inch.
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Field Test Site # 4
The trenchless pipe replacement in the Field Test Site # 4 took place on New York St., 
Houston, TX, and it was carried out by Kinsel Industries using the static pull (TRS) 
trenchless pipe replacement. The depth of cover was about nine feet, and the soil 
surrounding the pipe was clay. The old pipe was 6-inch diameter VCP and was replaced 
by 8-inch diameter HDPE pipe. The upsize percentage was 33%. The length of the 
trenchless pipe replacement run was more than 380 feet, but the vibration data was 
collected for only 60 feet. The diameter of the base o f the bursting cone was about 11 
inches and the outside diameter of the HDPE pipe was about 8.5 inches leaving about
1.25 inch nominal overcut around the pipe. The ground surface consisted of a 1.5 feet 
thick layered pavement structure with asphalt surface. The majority of the collected data 
were recorded in the histogram mode.
All the vibration data points were well below the LiSBM and OSM envelopes, as shown 
in Figure 4.37. The PPV of only three data points out of 192 points were above 0.1 
inch/second (PPV=0.44, 0.15, 0.15 inch/second). The correlation coefficient between log 
PPV and log the distance from the head is very weak (r=-0.057) and the slope of the 
regression line is almost horizontal, as shown in Figure 4.38. There is slightly higher but 
weak correlation between the two variables when the velocity is distinguished by its 
direction (r=-0.25). This indicates that the relation between log PPV and log of the 
distance from the head is weak for this job, and that there is no simple relationship 
between log PPV and log of the distance from the head for this system.
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Field Test Site # 5
The trenchless pipe replacement in the Field Test Site # 5 took place in Tacoma, WA and 
was carried out by Debco Construction using the static pull (TRS) trenchless pipe 
replacement. The depth of cover was about 16 feet, and the soil surrounding the pipe was 
clay. The old pipe was 15-inch diameter VCP and was replaced by 18-inch diameter 
HDPE pipe. The upsize percentage was 20%. The length of the trenchless pipe 
replacement run was more than 390 feet, but the vibration data was collected for only 270 
feet. The diameter of the base of the bursting cone was about 22 inches and the outside 
diameter of the HDPE pipe was about 20  inches, leaving about one inch n ominal overcut 
around the pipe. The ground surface consisted of a layered pavement structure 
approximately two feet thick with an asphalt surface.
There was very little surface ground movement. The maximum heave recorded was one 
inch. There was also a single point where settlement was recorded with a magnitude of 
0.6 inch. The average heave, excluding the single settlement, was 0.20 inch.
Ground vibration data was collected for this test site but it was later determined that it 
was not reliable because the reading from geophone 2 was unreasonably high. It was 
later determined that water had leaked into the geophone causing these erroneous 
readings.
Field Test Site # 6
The trenchless pipe replacement in the Field Test Site # 6 took place in Arlington, VA 
and was carried out by Miller Pipeline Corp. using the hydraulic expansion (Xpandit)
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trenchless pipe replacement. The depth of cover was 10 feet, and the soil surrounding the 
pipe was clay. The old pipe was 10-inch diameter RCP, and it was replaced by 14-inch 
diameter HDPE pipe. The length of the trenchless pipe replacement run was more than 
500 feet, but the vibration data was collected for only 160 feet because of many 
difficulties that will be discussed later. The diameter of the base of the bursting cone was 
about 16 inches and the outside diameter of the HDPE pipe was about 14 inches leaving 
about one inch nominal overcut around the pipe. The ground surface was grass except 
for an asphalt driveway from approximately station 25 to station 45. The rate of progress 
after the first 20 feet was slow, and it became slower as the trenchless pipe replacement 
progressed. The hydraulic pressure gauge of the bursting head was monitored several 
times during the trenchless pipe replacement, and it read around 3,800 psi. However, the 
gauge reading on the winch gauge was increased from 15 ton to 35 ton as the trenchless 
pipe replacement continued.
There was a six-inch waterline crossing the pipe to be burst at station 20 at one foot 
above the RCP. The outside of the waterline was within 5 inches of the outside edge of 
the bursting cone. Neither the contractor nor the owner knew about it in advance and 
hence no precautions were made to protect the waterline. The waterline was broken, and 
the water washed out the soil into the RC and HDPE pipes. Consequently, the trenchless 
pipe replacement head was penetrating through and pushing away the washed soil. In 
addition, the weight of the HDPE pipe (filled with water and soil) had increased. The 
trenchless pipe replacement progress slowed down greatly and almost halted. Therefore,
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the expanding pressure and the pulling force had to be increased significantly to 
accommodate the increased friction and penetration resistance.
Two sets of vibration data were collected: one before and during the gradual increase of 
the head expanding pressure and the pulling force, and the other one when the force and 
pressure reached their highest levels. The second set of data took about 40 minutes; the 
two geophones were in the same locations during the whole set. The seismograph 
recorded all the PVS and frequency values for the second set because all the events were 
recorded in the continuous mode.
All the PVS data points recorded with an associated frequency are much below the 
USBM and OSM envelopes, as shown in Figure 4.39. Figures 4.40 and 4.41 present the 
velocity versus distance from the head for the first and second sets, respectively. Almost 
all the PPV values in Figure 4.39 are low compared to the PPV values in Figure 4.41.
The regression lines and the 95% prediction interval upper limit lines for the two sets are 
presented in Figures 4.42. The correlation coefficient between log PPV and log of the 
distance from the head for the first set is weak (r=-0.066) while there is medium 
correlation for the second set (r=-0.582). The lower correlation in the first set may be 
attributed to the change in the pulling force and the expansion pressure. For the second 
set, the correlation coefficient between log PVS and log distance from the head is 
relatively higher (r=-0.71) and the regression line is steeper (the slope = - 1.113 relative to 
-0.903). PVS is a relatively better measure when its values are available. This is 
applicable for this set because all the events were recorded in the continuous mode. The
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regression line of the second set is much steeper than that o f the first set, as shown in 
Figure 4.42. The figure indicates that with higher pulling force and expansion pressure, 
the PPV values close to the head are higher, but the rate of PPV reduction with distance is 
also higher.
The surface ground movement for this job was low. The average value of the heave was 
0.25 inch with a high of 0.84 inch and a low of 0.01 inch, and the average value of the 
settlement was 0.125 inch with a high of 0.2 and a low of 0.05. In spite of the broken 
water line and the two sink holes that appeared the following day, the ground movements 
at the monitored points were limited in value.
Field Test Site # 7
The trenchless pipe replacement in the Field Test Site # 7 took place in Bay Minnette, 
AL, and it was carried out by Midsouth Trenchless Inc. using the static pull (TRS) 
trenchless pipe replacement. The depth of cover was about five feet, and the soil 
surrounding the pipe was clay. The old pipe was 8-inch diameter V'CP, and it was 
replaced by 10-inch diameter FED PE pipe. The length of the trenchless pipe replacement 
run was more than 90 feet. The diameter of the base of the bursting cone was about 11 
inches and the outside diameter of the HDPE pipe was about 8.625 inches, leaving about 
1.2 inch nominal overcut around the pipe. The ground surface consisted of about an 8- 
inch thick layer of asphalt pavement. The hydraulic pressure gauge readings were 
monitored and recorded during the trenchless pipe replacement; they ranged from 300 to 
500 psi.
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All the vibration data points were well below the USBM and OSM envelopes, as shown 
in Figure 4.43. Almost all the PPV values were below 0.2 inch/second. However, the 
correlation coefficient between log PVS and log the distance from the head is very weak 
(r=+0.355) and the slope of the regression line is positive, as shown in Figure 4.44. 
There is relatively higher but weak correlation between the two variables when the 
velocity is distinguished by its direction (r=-i-0.5). This indicates that the relation 
between log PPV and log of the distance from the head is weak for this job, and there is 
no simple relationship between log PPV and log of the distance from the head for this 
system.
The hydraulic pressure gauge readings from gauges on the equipment were collected 
during the test; they were used as an indication of the variation in the energy consumed at 
the head. The relationship between log PPV and log of the distance from the head [R] 
over the square root of the pressure gauge reading [P], i.e. log (R/P ° '), was investigated; 
the correlation coefficient was still positive and weak (r=0.3387). The relationship 
between log PPV and log the distance from the head [R] over the cubic root of the 
pressure gauge reading [P], i.e. log (R/P °'33), is also investigated; the correlation 
coefficient is still positive and weak (r=0.346).
Figure 4.32 indicates that the maximum and average positive ground surface movements 
(heave) are 0 .2  and 0 .1 inch, respectively, and the maximum and average negative ground 
surface movements (settlement) are -0.12 and -0.07 inch, respectively.




The vibration data from all the projects have been compiled together and summarized in 
Figures 4.45 and 4.46. Almost all the measured ground vibrations were within the 
USBM and OSM threshold limits for building damage despite the closeness of the data 
collection points to the bursting operation. In fact, only four readings out of the 832 
points with recorded frequency exceeded the threshold damage level, as shown in Figure 
4.45, one of the readings (PPV=5.27) is unreliable because of the reasons discussed 
earlier under TTC Test Site #2. Another two points are also unreliable because their 
frequencies were below 2 Hz. The fourth point is slightly above the OSM envelope with 
a frequency of 24 Hz and PPV of 1.93 inch/second. Only three data points, out of all the 
collected data points (2402) have PPV values higher than 2 inch/second. The first one is 
unreliable as discussed earlier, and the PPV of the other two points were 2.7 and 2.1, but 
no frequency data were recorded for them because they were recorded in the histogram 
mode. Only 88 points out of the 2402 points have PPV values higher than or equal to 1 
inch/second.
The natural frequency of typical structures ranges from 5 to II Hz as presented in 
Chapter 2 . 24 data points out of 832 points with recorded frequency have frequency of 
11 Hz or less. 8 points out of these 24 data points were unreliable because their 
frequencies were less than 2 Hz. The seismograph frequency range as it is specified by 
the manufacturer is 2 to 300 Hz. Only 7 data points out of the 832 data points were
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within the natural frequency of the range of typical structures. The highest PPV value of 
these data points was 0.1 inch/second. 97% of the data points with recorded frequency 
have frequency higher than the upper range of natural frequency for typical structures. 
83% of these 832 data points have frequency higher than 30 Hz.
The pneumatic system is the only one that showed moderate correlation between the Log 
of the PPV and the log of the distance from the bursting head. The slope of the 
regression line was steep; therefore, the velocity deteriorated quickly as the distance from 
the head increased, as shown in Figure 4.47. The correlation coefficients between the 
two variables for the static pull (TRS) and the hydraulic expansion (Xpandit) systems 
were weak because of the duration of the energy releases in the machine cycle. However, 
the vibration levels were low and far below the USBM and OSM envelopes. The data on 
ground vibration is not comparable among the systems tested since the site conditions 
were different in every case. The overall finding is that ground vibrations at short 
distances from the bursting operation quickly fall to levels that will not cause even 
cosmetic damage to buildings. The tolerance of buried pipelines to vibration is typically 
much larger. In addition, 97% of the recorded frequencies are above upper limit of 
natural frequency range for typical structures and hence less likely to cause damage.
The static pull (TRS) and hydraulic expansion (Xpandit) systems release their energy in 
cycles; each cycle lasts from a minute to a few minutes. The cycle starts with a high 
burst of energy for a few seconds to break the pipe then it takes at least a minute to start 
the next cycle. The seismograph monitors and records the vibrations resulting from the
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Figure 4.47 Velocity vs. Distance from the Head for All Test Sites that Employed 
the Pneumatic System
burst and their weak reflections throughout the cycle. The seismograph records the 
vibrations every five to ten seconds depending on the machine’s monitoring mode. 
Therefore, one event records high velocity and a number of events record low velocity 
while the head and the geophone are in the same location (the distance from the head is 
constant). The large number of events with low velocities dilutes the velocity readings 
recorded by the machine. This is believed to be the cause of the failure of the PPV and
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slanted distance hypothesis for these two systems. This does not happen with the 
pneumatic system that has an operating frequency of 200 to 500 cycles per minute. The 
pneumatic trenchless pipe replacement method is the only method designed to provide 
fast repeated impacts to the pipe to be hurst. As a result, there is less dilution of the 
velocity with the pneumatic system than with the other systems, and this may be one 
reason why the velocities correlate better with distance.
There are however other sources of energy release or impacts in all the methods that can 
produce some soil vibration and that can cloud the relationship against the distance from 
the bursting head. In the pneumatic method, vibrations may be transmitted from the head 
itself as well as the surface of contact with the pipe. Also, the back end of the air 
hammer in the pipe behind the head may also slap against the interior of the pipe and 
cause ground vibrations. For all the methods, the brittle fracture of the pipe ahead of the 
bursting head, sudden shears or collapses within the soil, and stick-slip along the soil- 
pipe interface may all cause some transmission of vibration energy.
Although the static pull and hydraulic expansion systems showed weak correlation 
between the PPV and the distance, the 95% PI upper limit for the data collected from the 
pneumatic system (Figure 4.47) is a reasonable upper limit for these systems also. The 
majority of the PPV data collected from the static pull and hydraulic expansion systems 
were under this 95% upper limit, as shown in Figure 4.48. Figure 4.49 presents the 95% 
PI upper limit for the data collected from the pneumatic system along with the attenuation 
lines of the velocity versus distance from different construction sources (Wiss 1980).








0 - 0  O J a jO O n mM OwiD ® <®0 aM> OOKDa 
000<X380GC<» «0 0=0
o  « a o a pea» ■ «■ *o  •& 




O Static Pull 
■ Hydraulic System
Upper Limit for Pneumatic System 
•  “  'Regression Line for Pneumatic Svstem
Figure 4.48 Compiled PPV from the Static Pull and Hydraulic Expansion
Systems With the Regression Line and 95% Upper Limit PI for the 
Pneumatic System








5 in/se^s; sshholdSf Damage to Buried Structures
4 in/sec. - ishtlQld orDamage to CommerciadStructures
IV \\ 2  in/sec. - Threshhgli Damag^to Residential Struc
\  \  
Pavem ent B reak er
6-ft Dr dp
\  95% R .U ppep  
\  L im it \
' 2  Ton Drop\B!alt
^0-ft Drop \\  \
Jack Hammer 
\
\  Vibratory^x. \  












Figure 4.49 The 95% PI Upper Limit for the Data Collected from the Pneumatic
System Sites Along With the Attenuation Lines of the Velocity Versus 
Distance from Different Construction Sources (Wiss 1980)
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Adapting the 95% prediction interval upper limit for the data collected from the 
pneumatic system as a conservative line for the attenuation of velocity with distance from 
the head leads to the following results:
• The damaging level for buried structures (velocities higher than 5 inch/second) 
occurs at a distance less than 2.5 feet. Pipes closer than 2.5 feet from the line to 
be replaced should be exposed to provide stress relief to the existing pipe.
• The damaging levels for sensitive surface structures (velocities of 2 inch/second 
with frequency in the range from 30 to 100 Hz) are reached within distances of 8 
feet from the bursting head. This will rarely be an issue when replacing pipes in a 
public right-of-way because of the requirements that buildings setback 32 feet 
from any sewer or water line in the right of way..
The vibration levels present during trenchless pipe replacement will be dependent on the 
power/impact applied to the trenchless pipe replacement process. The reported results 
and their analysis reflect the equipment used at the sites monitored. Overall, it can be 
summarized that while ground vibrations may be quite noticeable to a person standing on 
the surface close to a trenchless pipe replacement operation, the levels of vibrations are 
very unlikely to be damaging except at very close distances to the trenchless pipe 
replacement operation.
Ground Movements
Measurements of the ground movements at the TTC Test Sites were not planned to 
provide estimates of ground movements in normal practice. The relatively shallow pipes,
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significant upsizing, and non-symmetrical configuration were all likely to make the 
ground movements atypical. The measurements were planned; however, to provide 
insights into the ground movements that do take place during pipe replacement and to 
provide a comparison with the computer simulations of ground movement.
The ground movements measured at the TTC Test Sites were quite variable and resulted 
in some significant surface displacements. The TTC test configurations were set up to 
cover a range of soil and upsizing conditions. It also included pipe defects such as the 6- 
inch sag built into two of the VCP pipe lengths to be burst. The pipes were relatively 
shallow (6 feet) with a significant upsizing in all cases (50% for two pipes and 25% for 
the other two pipes). The two lines of VCP pipe along the test sections were installed to 
allow more bursting measurements to be made. The use of the two lines did however 
also mean that the soil and burst conditions for each experiment were not symmetrical. 
The pipe on one side was burst first and then later the pipe on the other side. Also, the 
backfill for the TTC Test Site was compacted to specified conditions but only had several 
weeks following compaction to continue to undergo further consolidation. Given these 
inherent conditions, the results show that both settlement and heaving are possible due to 
trenchless pipe replacement even with a substantial upsizing. If the soil has a tendency to 
move preferentially to one side due to variations in soil stiffness or the presence of other 
structures, then it is possible that settlement can occur on the opposite side. If poorly 
compacted zones were present, then it is possible that the trenchless pipe replacement 
could cause consolidation in one area while causing heaving in another area.
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The ground displacements are principally dependent on the degree of upsizing, the type 
and compaction level of the existing soil around the pipe, and nature of confinement of 
the soil around the pipe (e.g. near surface versus deeply buried). Cohesive soils tend to 
give more predictable soil displacement profiles whereas in sands localized collapse is 
possible within the tail void of the expansion head.
In the Field Test Sites monitored, the ground surface movements were mostly heave. The 
maximum ground surface movement monitored on a pavement surface was 1.26 inch for 
a 33% upsizing of a 6-inch pipe at 6 feet below the surface. The maximum ground 
surface movement monitored on a non-paved surface was 3 inch for replacing 10 inch 
VCP with a 10-inch HDPE pipe at 10 feet below the surface in stiff clay soil. These 
values were exceptional singular movements, and the majority of the surface movements 
was within the range o f-0.25 to +0.75 inch.
At the TTC Test Site, the ground displacements involved significant settlement away 
from the immediate vicinity of the pipe. This is due to the relatively low level of 
compaction of the backfill soils and the newness of the backfill. The trenchless pipe 
replacement process then acts to consolidate the existing soils allowing the diameter 
increase to be absorbed by compaction within a short distance of the pipe and allowing 
settlement at greater distances.
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The Pipe Profile
Measurements were made of the position of the VCP pipes prior to bursting by surveying 
the pipes during installation and also by passing a pipe profiling device through the pipe. 
Only 3 of the 4 pipe sections were profiled due to problems with the initial profiling 
device becoming wedged on pieces of gravel lying in the invert of the pipe. The profiling 
device was modified for profiling the remaining pipes so that it would pass more easily 
through any sediment in the invert of the pipe.
Generally the replacement pipe follows the same slope as that of the old pipe. Most of 
the differences between the centerline elevation of the two pipes are upward, but 
downward differences are possible. Simple geometrical calculations can be made to 
calculate the unsafe distance from the top and the bottom of the old pipe within which a 
utility might be hit by the bursting head. The amount and the direction of the difference 
depend on the upsizing percentage, soil conditions, construction details, profile of the old 
pipe, etc.
Damage to Nearbv Pipes
The pressurized PVC pipes were included as a physical and demonstrative experiment as 
to the effect on nearby piping. Newly installed PVC pipes are not equivalent to older, 
deteriorated and more brittle pipes that may be present in pipe replacements carried out in 
older cities. However, the fact that all but one 2-inch PVC pipe, only I foot above the 
pipe bursts, survived intact and held their pressure was quite impressive.
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Given the oversized expansion head, the upsizing and the relative upward displacement 
of the upsized pipe, it appears that the expansion head would have passed within 6 inches 
of the original position of the closest crossing pipe. Older and more brittle pipes clearly 
would not survive as well as a new PVC pipe but it had been expected that all the pipes at 
one foot from the top of the burst pipe would be unlikely to survive the replacement.
In practice, pipes within two pipe diameters of a pipe to be burst and especially to be 
upsized would be locally excavated to provide stress relief to the existing pipe. The 
worst case for adjacent utilities is when they are not known about and not discovered 
prior to the replacement operation. This situation resulted in a burst water pipe on one of 
the sites monitored for this project.
Noise
The main source of noise during a trenchless pipe replacement operation is typically the 
air compressor used. Since air compressors are present on most construction sites, the 
noise associated with pipe replacement presents no special concerns. In the pneumatic 
system, noise is also released from the open end of the replacement pipe due to the 
cyclical release of pressure associated with the pneumatic action but this effect is 
localized and unlikely to be of special concern.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTERS
THEORETICAL ANALYSIS OF GROUND MOVEMENT 
AND PRIOR FIELD STUDIES
Chapter 5 provides comparisons between the actual ground movements measured in the TTC 
Test Sites and the Field Test Sites and the estimated ground movements based on the cavity 
expansion theory, cavity expansion analysis for pipe bursting by O’Rourke 1985, and data 
collected by Leach and Reed 1989. The objective is to examine whether theoretical analytical 
techniques can provide useful estimates of the potential ground movement.
Cavity Expansion Analysis
This portion covers the comparison between the ground movement calculated by the cavity 
expansion analysis and that measured during the pipe bursting tests. The cavity expansion 
analysis sheds some light on how the different variables affect the amount of movement and 
level of stress in the surrounding soil around the pipe. The following paragraphs briefly 
present the cavity expansion analysis, the assumptions used in the analysis, and sensitivity 
analysis for the soil parameters. It is followed by a comparison between the measured and 
the calculated ground movement with a discussion of the difference.
The cavity expansion theory has received attention related to some geotechnicai problems 
such as bearing capacity of deep foundations, cratering by explosives, and breakout resistance 
of anchors. The cavity expansion analysis is employed as a predictive technique for the
135
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ground movement around a pipe expanded by the pipe bursting technique. The analysis is 
usually employed to estimate the stress and strain in an infinite soil mass around spherical and 
cylindrical cavities. Because pipe bursting involves expansion of cylindrical cavity, only the 
expansion of a cylindrical cavity will be presented in this chapter.
Consider a cylindrical cavity with an initial radius R, in an isotropic and homogeneous infinite 
soil mass. Then, a uniformly distributed internal pressure Pu expands the cavity to the 
ultimate radius Ru. A plastic zone is created in the area between the radius Ru and the radius 
Rp as shown in Figure 5.1. The soil beyond the radius Rp will stay in the elastic state. The 
soil mass has an isotropic mean normal stress at the depth of the pipe (q), modulus of 
deformation (E), Poisson’s ratio (v), cohesion (c), and angle of internal friction ((f)). The 
mean normal effective stress (q) can be calculated using the following formula:
cl  — 0.33[yr(l -r 2.&TJ] EqS.l
Where
7= Density of the surrounding soil 
z= Depth of cover
PC,= Coefficient of earth pressure at rest= I -sintj) or v/( I-v)
The cavity expansion analysis according to Vesic (1973) can be used to calculate the stress 
at any point in the plastic zone. The procedures can be summarized by the following 
equations:
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Elastic ZonePlastic Zone
Figure 5-1 The cavity expansion analysis
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for <() = 0 Eq 5.8A
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r iR p = - ^ r R p ( CTp - cO E q  5.9
Where
Ir = The rigidity index
in- = The reduced rigidity index due to volumetric strain
A = Average volumetric change
Fc and Fl( = Cavity expansion factors
crr = Stress at a distance r from the centerline of the cavity
fip = Deformation at the edge of the plastic zone
The previous set of equations has been used in calculating the amount of heave at the edge 
the plastic zone. The calculations were made for the four different types of soils surrounding 
the pipe in the TTC Test Sites. The actual difference in elevation of the settlement plates in
the silt and the clay-gravel sections at one foot above the pipe is compared to the calculated
heave at the edge of the plastic zone. The actual movements of the settlement plates in the 
sand section are not compared with the calculated ones because of the proximitv to the sag 
location. The soil parameters cohesion (c), angle of internal friction ($), density (7), Poisson's 
ratio (v), average volumetric change (A), and modulus of elasticity (E) for the soils 
surrounding the pipe in each soil section are presented in Table 4:
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Table 3
Assumed Soil Parameters for Ground Movement Calculations 










Clay 98 2000 0 0.4 288000 0.01
Silt 100 800 15 0.28 144000 0.02
Sand 100 0 30 0.28 28800 0.02
Clay-gravel 100 2000 10 0.4 576000 0 .0 1 ,
These parameters are assumed based on the soil type, density, and water content information 
collected during construction. The average volumetric change is assumed to be 0 .0 1 for the 
clay and clay gravel soils and 0.02 for the silt and sand soils for their higher void ratios. The 
silt layer around the pipe was not well compacted due to excessive rain during construction.
The ground movement calculations based on the assumed parameters are presented in 
Appendix 5-1. Reducing the modulus of elasticity by half increases the amount of heave by 
130% as shown in Appendix 5-2. Reducing the cohesion by half reduces the amount of heave 
by 78% as shown in Appendix 5-3. Reducing the modulus of elasticity and the cohesion by 
half does not change the amount of heave as shown in Appendix 5-4. Increasing Poisson’s 
ratio in the silt section slightly increases the amount of heave as shown in Appendix 5-5. 
Doubling the cohesion and reducing the modulus of elasticity by half increases the amount of 
heave four to six times as shown in Appendix 5-6.
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The stress in the plastic zone is calculated by the previously discussed cavity expansion theory 
and in the elastic zone by Lame’s solution. The stress and displacement in the elastic zone 
can be calculated by the following two equations:
The stress and displacement at different percentages of r/R; for the four different types of soil 
in the TTC Test Sites are presented in Figures 5.2 and 5.3. Note that on Figure 5.2, the 
question marks indicate that the displacement inside the plastic zone is unknown. The stress 
and displacement for sand and clav-gravel soils are based on the site conditions of TTC Test 
sites # I and 2. Similarly for the clay and silt soils, the stress and displacement are based on 
the site conditions for TTC Test Sites # 3 and 4.
To study the effect of the different factors on h e  relationship between displacement and stress 
with distance from the bursting head, a standard hypothetical situation is assumed. 8-inch 
VCP pipe is replaced by 10-inch HDPE in sand and clay soils and conditions similar to those 
in TTC Test Sites 1 and 3. Figures 5.4 and 5.5 present the effect of the average volumetric 
change (D) on the displacement and stress versus r/R;. All the other soil parameters for the 
soils are the same as shown in Table 4. The figures indicate that stress and displacement in 
the clay soil are higher that those in the sand soil and the displacement and stress increase 
with the increase in the volume change. They also indicate that the radius of the plastic zone
Eq 5.10
(crp — q)(i v ) f  Rp2 Eq 5 .11
E r
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decreases with the increase of the average volumetric change. In the Figures 5.4 through 
5.13, the middle points are when r = Rp.
Figures 5.6 and 5.7 present the effect of cohesion (c) in the clay soil and of the angle of 
internal friction (<j>) in the sand soil on the displacement and stress versus r/R;. The figures 
indicate that: ( I) increasing cohesion reduces the radius of the plastic zone and increases the 
stress and displacement, (2 ) increasing the angle of internal friction decreases the radius of 
the plastic zone and stress and displacement, and (3) the clay is more sensitive to the change 
than sand. Figures 5.8 and 5.9 show that the mean normal stress (q) has minimal effect on 
the displacement and stress. The coefficient of earth pressure at rest (k,,) has minimal effect. 
Figures 5.10 and 5.11 indicate that Poisson’s ratio also has a minimal effect on the 
displacement and stress. Figures 5.12 and 5.13 show that increasing the modulus of elasticity 
(E) increases Rp and decreases displacement but has a minor effect on stress.
The comparison between the calculated and the actual ground movement is presented in 
Appendix 5.1. It may be seen from the table that the actual heave is approximately 3 to 5 
times the calculated heave. The reasons for the disparity may be:
• The debris of the broken pipe stays principally underneath the pipe reducing 
downward movements (see fragment investigation in Chapter 4).
• The cavity expansion assumes an infinite soil mass while in the test the depth of cover 
was only 6 feet thus encouraging greater upward movement.
















Inner edge of 
plastic zone 
a






S 3 S ______
20 25
-Clay - ■- Silt -* -Sand Clay-gravel
Figure 5.2 The Displacement and the Radius of the Plastic Zone for the Different 
Soils Represented in the TTC Test Sites
12000









in the elastic2000  -
r/R,
Clay - « - Silt Sand Clay-gravel i
Figure 5.3 The Stress for the Different Soils Represented in the TTC Test Sites





Outer edee o f
plastic zone
A
■ r=6.6' in the
• elastic zone
i
& x  c
0 2 4 6 8 10 12 14 16 Is
rrR,
♦ Clav, D=0 a Clav, D=0.0l * Clay. D=0.02
a  Sand. D=0.01 x  Sand. D=0.02 a  Sand. D=0.04
Figure 5.4 The Effect of the Average Volumetric Change (D) on the Displacement 








•J Outer edee of
a! 4000 plastic zone
3000 A




x  3  a
a 2 4 6 8 10 12 14 16 18
r/R,
♦ Clav. D=0.00 •  Clav. D =0.0! ♦ Clav. D=0.02
, Q Sand. D =0.0l x  Sand. D=Q.02 a  Sand. D=0.04
Figure 5.5 The Effect of the Average Volumetric Change (D) on the Stress and the
Radius of the Plastic Zone
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 4
1.2














♦ Cluv. c=l000 psf ■ Clay. c=2000 psf * Clay. o=3000 psf
a  Sand. Phi-25 x  Sand. Phi=30 a Sand. Phi=35
13
Figure 5.6 The Effect of Cohesion (c) in the Clay Soil and the Angie of Internal






















A X  fi
1̂ 6 .6’ in the 
elastic zone
------------------------- i -------------
(I 2 4 G S 10 12 14 16 is
nrR,
♦ Clav. c= 1000 psf ■ Clay. c=2000 psf * Clay. c=3000 psf j 
a  Sand. Phi-25________x Sand. Phi=30   A Sand. Phi =35
Figure 5.7 The Effect of Cohesion (c) in the Clay Soil and the Angle of Internal 
Friction (tj)) in the Sand Soils on the Stress










5  0.4 
0.2
Outer edge of 
plastic zone
■





0 2  4  6  8 10 [2  14 16 IX
cR,
•  Clay. d=6’ a Clav. d=8' » Clay. d=I0'
□ Sand. d=6’ x  Sand. d=8' a  Sand. d=I0'
Figure 5.8 The Effect of Depth of Cover (d) and Mean Normal Stress (q) on the 













ia r=6.6' in the
a
elastic zone




♦ Clay. d=6’ 
a  Sand. d=6’
■ Clay, d=8’ 
x  Sand. d=8’
* Clay. d=I0' 
a  Sand. d=I0'
Figure 5.9 The Effect of Depth of Cover (d) and Mean Normal Stress (q) on the 
Stress and the Radius of the Plastic Zone





Outer edge of 
plastic zone 
*





0 2 4 6 S 10 12 14 16 IS
r?R,
•  Clav. u=0.25 ■ Clav. u=0.35 » Clay. u= 45
• -  Sand. u=.20 *  Sand. u=0.25 a  Sand. u=0.3








I f  5000
a
4000 Outer edge of
plastic zone
3000
■2000 r=6.6' in the
1000 elastic zone
act m
( 2 4 6 S 10 12 14 16 IS
nR,
•  Clay, u=0.25 ■ Clay. u=0J5 » Clay, u=.45
n  Sand. u=.2 * Sand. u=Q25 n Sand. u= 30
Figure 5.11 The Effect of Poisson’s Ratio on the Stress and the Radius of the Plastic 
Zone
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 7
1.2





Inner edge ot' 
plastic zone













•  Clay. E=L500 psi ■ Clay. E=2000 psi * Clav. E=2500 psi
n Sand. E= 1500 psi x  Sand. E-2Q0Q psi a. Sand. £=2500 psi
18
Figure 5.12 The Effect of Modulus of Elasticity on. the Displacement and the Radius 













0 2 4 G 8 10 12 14 16 IS
pR,
•C lav . D=0.00 ■ Clav. D=0.0! * Clay, D=0.02











Figure 5.13 The Effect o f Modulus of Elasticity on the Stress and the Radius of the 
Plastic Zone
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
148
• The soil around the pipe in the test sites was inhomogeneous providing a variety in 
the type of soil and level of compaction across the pipe cross section.
• Pipe bursting involves bursting the pipe and expanding the cavity; the combination of 
soil and pipe is not considered in the cavity expansion analysis.
• The cavity expansion analysis does not consider the original diameter of the old pipe 
in assessing the soil displacement at the edge of the plastic zone.
Radius of the Plastic Zone
The plastic zone formed in the soil due to bursting can be used as an indicator of potential 
damage to nearby utilities. A pipeline outside the plastic zone has less probability of damage. 
The radius of the plastic zone (Rp) according to the above mentioned cavity expansion 
analysis is calculated by equation 5.4. The radius of the plastic zone can also be calculated 
following O’Rourke (1985) according to Figure 2.10. The radius results calculated by both 
techniques for the four soil sections in TTC Test Sites are presented in Table 5.
Examining Table 5 indicates that the radius of the plastic zone calculated by the cavity 
expansion analysis ranges from 5.12 to 7.35 times the radius of the new pipe. The radius of 
the plastic zone calculated by O’Rourke’s analysis ranges from 4.66 to 12.57 times the radius 
of the new pipe. The radius range of the plastic zone for the two techniques are 2.56 to 4.29 
feet and 2.33 to 7.33 feet respectively. The ratio of the plastic zone radius to the initial radius 
calculated by O’Rourke for the sand section is the highest because of both the higher upsizing 
percentage and the lower shearing resistance compared with the other soil sections.
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Table 4
The Radius of the Plastic Zone Calculated by the Cavity 
Expansion Analysis and O’Rourke (1985)
Type of Analysis Type of Soil Clay Silt Sand |Clay Gravel
In- 33.96 27.44 45.761 51.43:
Cavitv Expansion <P 0.00 15.00 30.00) 0.00
Analysis Rp/Ru 5.82 5.33 7.27| 7.17
Rp(ft) 2.80 2.56 4.29! 4.23
Shear Strength (S) 2000 933 229i 2000
O’Rourke’s E/S 144 154 I260i 288
Analysis Rp/Ri 7.00 7.00 22.001 12.50
Rp (ft) 2.33 2.33 7 . J J : 4.17!
Leach and Reed Research
Leach and Reed (1989) presented the heave data collected throughout their research in a 
chan similar to the chart in Figure 5.14. The horizontal axis is the square of the depth of 
cover divided by the diameter of the old pipe (D J, and the vertical axis is the maximum heave 
divided by the amount o f expansion (radius of new pipe -  radius of old pipe). All the units 
in the graph are according to the metric system. The surface movement data collected 
throughout the current project (both TTC Test Sites and the Field Test Sites) were processed 
and plotted with the data collected by Leach and Reed. The data collected from Field Test 
Site & 1 were excluded form the chart because there was no upsizing i.e. amount of expansion 
was zero, which resulted an infinite number for the heave over expansion term.
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The chart indicates that there is an agreement in the trend between the two sets of data As 
the squared depth over diameter increases, the heave over expansion decreases. However, 
the TTC research data includes some settlement that is not included in the other data. The 
possibilities for the lack of settlement in Leach and Reed’s chart may be: ( I) their projects did 
not experience settlement because the majority of their data was collected from replacing gas 
pipelines, which generally have shallow cover, or (2) their data were from older well 
compacted soils.
The data provided by the TTC research adds to the availability of surface movement data that 
in turn allows a more realistic assessment of the potential surface movements. This data can 
be used also with the surface damage chart based on surface heave provided by Leach and 
Reed ( L989) presented in chapter 2.
There is a direct relationship between the peak particle velocity in the soil surrounding a 
buried pipe at the same depth as a point source detonation and the amount of strain 
experienced by the pipe. For the same soil and pipe, equations 2.10, 2 .11, and 2.12 can be 
re-written in the following format:
Peak Particle Velocity and Strain in Nearby Pipe.
Eq. 5.12
e Eq. 5.13
k 2 u p ;
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Figure 5.14 Surface Ground Movements Data (Metric Units) Reported by Leach and 
Reed and the Data Collected throughout the TTC Research
where Ki, K2, m, n, q, and p are constants, W is the total charge weight of line source (lb.). 
R is the distance between pipe and explosive line (feet), U is the peak radial soil particle 
velocity (feet/second), and e is the maximum circumferential or longitudinal strain (inch/inch). 
Notice that in equations 2.10, 2.11, and 2.12 that n=3 and p=2.5, and they can be assumed 
to be approximately equal (n=2.75). The same scenario is applicable for m=0.79 and q=0.75; 
they can be assumed to be approximately equal (q=0.77). Through some algebraic 
manipulation of the equations, the following equation can be deducted where q/n is assumed 
equal to 3.57:
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Use of these equations to estimate the strain and stress in the soil and the pipe and to predict 
the peak particle velocity and displacements due to pipe bursting should be investigated 
further. The comparison is not made in this project because it was not possible (within the 
scope of the project) to collect accurate energy data throughout the bursting process.
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CHAPTER 6
PIPE STRESS MEASUREMENTS 
Introduction
During the bursting at the three TTC Test Sites, strain gages were attached to the inside 
surface of the HDPE pipes behind the bursting tool to measure the axial strain. The recorded 
strains were transformed to stresses using the pipe geometry, material characteristics, and 
assumption of linear elasticity. These stresses were then compared to the calculated stresses 
due to friction forces on the replacement pipe which were calculated in a similar fashion to 
those expected if the pipe was installed by microtunneling.
Chapter 3 covered the attachment of the strain gages to the interior wall of the pipe, the 
protection of strain gages from hydraulic or air pressure supply lines, testing of the strain 
gages prior to installation, location of the gages, analysis procedures, etc.
Pipe stress measurements were attempted on three of the four pipe replacement experiments 
-  TTC Test Sites #1, #2, and #3. Two of the pipe replacements, at TTC Test Sites #1 and 
#3, gave good stress data despite the difficulties of the field measurements -- very wet site 
conditions and the low adhesion characteristic of the HDPE pipe. The pipe replacement at 
Test Site #2 produced some readings during the replacement process but, after inspection,
153
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these did not appear to represent any meaningful data as to pipe stresses. These data were 
not used in the pipe stress analysis that follows.
TTC Test Site #1
For Test Site #1, one gage had to be abandoned due to an error in assembling the gage wiring 
during the process of fusing the pipe test sections. The remaining two gages for this test 
survived the repeated load cycling of the pneumatic process until the pipe passed through the 
sag section installed in the pipe (station 59 to 70). One gage clearly failed after this point, the 
other gage probably partially failed or lost some adhesion to the pipe surface at this point.
Figure 6.1 shows 100 data points covering a time span of just over 3 seconds during the 
middle part of the run. Gage I and Gage 2 at different distances close behind the bursting 
head shows very similar behavior. The time interval of the measurements compared to the 
narrow period of the stress increase during the pneumatic impacts meant that the stress peak 
was not captured on each cycle. The stress peak was captured periodically due to the large 
number of cycles. There were a total of 147,500 data points collected for each channel.
Figure 6.2 shows 500 data points representing a time interval of 15 seconds when the bursting 
head was at station 40. The graph shows more clearly that the peak stress was captured 
periodically. The hammer cycle has two phases: the impact phase during which the tension 
increases, and rebound phase during which the tension decreases. During the hammer cycle, 
the tension increase above the mean stress level was higher than the tension decrease due to 
rebound effects.
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Figure 6.2 Pipe Stress for 500 Data Points Around Station 40 During Trenchless 
Pipe Replacement for TTC Test Site #1
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Figure 6.3 shows the average pipe stress data for both gages plotted against the position of 
the bursting head along the pipe for a five-foot section of the upsizing from station 35 to 
station 40. The average stress was computed by taking the average stress for sequential sets 
of 120 data points. The stresses were correlated to the footage position through the footage 
versus time record and hence the data points are no longer equally spaced. As it can be seem 
there is a reduction of tension stresses when the head was around station 37. This reduction 
may be attributed to temporary release of tension after the bursting momentarily slowed down 
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Figure 6.3 The Average Pipe Stress from Station 35 to 40 During Trenchless Pipe 
Replacement for TTC Test Site #1
Figure 6.4 shows the average pipe stress for both gages (calculated over sequential sets of 
1800 data points) plotted against the bursting head position along the pipe for the full length 
of the upsizing. The stresses measured by each gage track very closely. After the bursting
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head passed through the sag section of the initial pipe, one gage clearly tailed, and the other 
gage might have lost adhesion. The stress increase along the pipe length was very low. This 
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Figure 6.4 The Average Pipe Stress for the Full Length During Trenchless Pipe 
Replacement For TTC Test Site #1
Figures 6.5 and 6.6 present the maximum and minimum pipe stress compared to the 
average pipe stress for each gage respectively. These were computed by taking the maximum 
and minimum values over the same sets of data points as for Figure 6.4 above. It could be 
seen that the increase in pipe stress due to impact was fairly constant along the length of pipe 
replacement—around 50psi. Figure 6.6 indicates that the highest stress recorded for this 
upsizing test was 273 psi.










- R H tt.R ap la c e f n e nt-
30 7020 40 50 80 900 10 60
Station
Gagel-A verage —• — Gage1-tVEn —&— Gage1~Max
Figure 6.5 The Average, Minimum, and Maximum Pipe Stress for Gage I During 
Trenchless Pipe Replacement for TTC Test Site #1
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Figure 6.7 compares the maximum stress recorded in the pipe against calculated pipe stresses 
that would result from two conditions:
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Figure 6.7 Actual Stress vs. Calculated Stress for TTC Test Site #1
• A lower-bound stress calculated to be present in the pipe resulting from the friction 
drag of the pipe was assembled prior to the burst. The friction coefficient was 
assumed to change at the change of soil section in the test bed.
• A stress calculated on the basis that the soil collapsed around the pipe and exerted a 
normal pressure on the pipe related to its depth below the ground surface. This was 
calculated in a similar manner to the frictional drag on microtunneling pipe and varied 
slightly with the frictional characteristics of soil through which the pipe was passing. 
The assumptions for ground pressure and frictional drag followed typical assumptions
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for microtunneling calculation (Atalah 1994) and the predictions were made without 
prior reference to the measured results. Appendix 6 .1 presents the assumptions and 
calculations of the frictional force.
A comparison of the actual maximum pipe stress with the calculated pipe stress indicated that 
there was substantially less frictional drag on the pipe than would be expected from a hilly 
collapsed soil around the pipe. This indicated that the hole remained at least partially open 
during the replacement process. The nominal overcut was about 0.7 inch and the hammering 
action of the head might have compacted the surrounding soil to stay open during and 
possibly after the bursting.
TTC Test Site #3
The graphs presented for Test Site #3 are similar to those for Test Site #1. For Test Site #3, 
all three gages worked well during the entire test. There were a total of 72000 data points 
collected for each channel.
Figures 6.8 and 6.9 present 100 data points and 500 data points respectively recorded at a 
frequency of 20 readings per second for each of the 3 gages. The graphs thus represent a 
time period of 5 seconds and 25 seconds respectively. A stress cycling of around 50 to 75 
psi could be seen during the expansion-contraction-movement cycle of the burst head.
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Figure 6.9 Pipe Stress for 500 Data Points Around Station 40 During Trenchless 
Pipe Replacement for TTC Test Site #3
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Figure 6.10 shows the stress data for footages between 35 and 40 along the pipe upsizing. 
The Figure indicates that there was a periodic stress cycle overlain on a gradual increase of 
stress; each cycle extended over a length of approximately one foot.
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Figure 6.10 The Average Pipe Stress from Station 35 to 40 During Trenchless 
Pipe Replacement for TTC Test Site ~3
Figure 6.11 shows the average pipe stress data for the full length of the pipe upsizing for each 
of the 3 gages. The stresses follow the same trend but the difference between the stress in 
gage 1, close behind the head, and gage 3. approximately 5 feet further back, were more 
marked than at Test Site #1. The stresses were also higher than at Test Site #1, and this is 
discussed further below. There is no drop off in stress at the end of the run similar to that at 
TTC Test Site #1 and these support the hypothesis of gage damage near the end of that test.
Figures 6.12, 6.13, and 6.14 present the maximum, minimum, and average pipe stress data 
for each gage over the full length of pipe upsizing. The maximum stress stayed within about 
lOOpsi of the average stress (calculated over 1800 data points). The maximum-recorded
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tensile stress was 2030 psi at the end of the burst. This was well below the yield stress for 
the pipe (3200psi), but is still a significant level of pipe stress.
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Figure 6 .11 The Average Pipe Stress for the Full Length of Trenchless Pipe 


















Figure 6.12 The Average, Minimum, and Maximum Pipe Stress for Gagel During 
Trenchless Pipe Replacement for TTC Test Site #3
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Figure 6.13 The Average, Minimum, and Maximum Pipe Stress for Gage2 
During Trenchless Pipe Replacement for TTC Test Site ?3
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Figure 6.14 The Average, Minimum, and Maximum Pipe Stress for Gage3 During 
Trenchless Pipe Replacement for TTC Test Site #3
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Figure 6.15 shows the comparison of the measured tensile stress in the pipe with the lower 
bound of the frictional drag of the pipe weight alone and frictional drag due to soil pressure 
around the pipe. These were calculated in the same fashion as for Test Site #1 except that 
the frictional coefficients for the appropriate soil sections (explained in Appendix 6 .1) were 
used. Again the predictions were made without prior reference to the measured results. The 
comparison showed that the measured data correlated well with the stresses that would be 
generated from a collapsed soil around the replacement pipe over its full length.
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Figure 6.15 Actual Stress vs. Calculated Stress for TTC Test Site #3
It is not clear why the friction on the pipe in this test is so much more than on the pipe in TTC 
Test Site #1 which had a larger upsizing. The nominal overcut for this test was 0.41 inch, and 
it was 0.7 inch for TTC Test Site #1. The smaller overcut and lower compaction of the
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surrounding soil may have contributed to a quick soil collapse around pipe. In addition, the 
silt layer above the pipe in TTC Test Site #3 was not well compacted and site #3 was at the 
lower end of the test bed and had a wetter ground condition.
Conclusions for Pipe Stress Measurements
• The pipe stress cycling, which occurs as part of the different burst methods, was small 
compared to the stresses that could be generated by soil friction along the pipe.
• If the soil does not collapse around the pipe, extremely low stresses will be present 
in the replacement pipe.
• If the soil does collapse around the pipe, estimates made using typical soil pressure 
assumptions and frictional coefficients as used in pipe jacking and microtunneling 
friction estimates appear to give a good estimate of the stresses expected in the 
replacement pipe.
• The pipe stresses measured in the two replacements for which valid stress
measurements were gathered gave maximum pipe stresses of 273 psi (8 inch VCP to
12 inch HDPE in clav, clay gravel and sand soils) and 2030 psi (8 inch VCP to 10 inch 
HDPE in silt and clay soils).
• The graphs indicate that the degree of upsizing was less important than whether the
soil collapses around the pipe during the replacement process in determining the stress
in the replacement pipe.
• Pipe Bursting through a previously misaligned section of pipe tends to increase the 
frictional drag on the pipe and hence the pipe stress.
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CHAPTER 7
SUMMARY AND CONCLUSIONS
The effect o f pipe bursting on nearby utilities, pavement, and structures is due to ground 
movements in the surrounding soil around the burst pipe. In this project, these ground 
movements were measured in terms of vibration and vertical displacements at different 
depths and offsets from the pipe. Also measured were the positions of the new pipe 
relative to the old pipe, and the strains experienced by the new pipe during the bursting 
process.
As with any analytical prediction in geotechnical engineering, the results are most 
effective as an aid to engineering judgement and experience. The conclusions are 
applicable only to range of diameters and upsizings covered in the research. Larger 
diameters and upsizings require additional consideration.
Ground Vibrations
Extensive measurements of the velocity of vibrational ground movement associated with 
pipe bursting were made. These measurements were made at seven job sites located in 
various regions of the U.S. and at the TTC Test Site in Ruston, Louisiana. The jobs 
involved various degrees of upsizing and difficulty associated with the bursting. When 
frequency information was recorded with the maximum velocity, the data was compared
167
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with standard criteria for damage to buildings caused by blasting vibrations. The main
conclusions associated with the monitored results and their analysis are:
• Only four readings out of the 832 measurements recorded with associated frequency 
data exceeded either o f the threshold for cosmetic cracks damage criteria developed 
by the U.S. Bureau of Mines or the Office of Surface Mining. Three of these four 
readings were unreliable (one reading for external factors and the others for their 
frequencies that were below 2 Hertz). The specified frequency range (by the 
manufacturer) for operating the seismograph is between 2 to 300 Hz.
• The higher levels of vibration tended to be in a frequency range of 30 to 100 Hz that 
is well above the natural frequency of buildings (range from 5 to 11 Hz).
• Buried pipes and structures are able to withstand much higher levels of vibration than 
surface structures of similar integrity. None of the vibration levels recorded would be 
expected to cause distress to buried structures.
• Only the data from the pneumatic system provided reasonable correlation for the peak 
particle velocities recorded against distance from the bursting head. This is thought 
to be a result of a large number of vibration measurements associated with non-burst- 
related vibrations that are recorded during the non-burst portion of the slower burst 
cycles involved with the other methods. Further investigation will be carried out to 
try to separate out these effects.
• The regression equations (95% prediction interval upper limit) and the field 
measurements made in test holes close to the bursting head indicate that damaging 
levels of vibration to underground structures (velocities of 5 inch/second) are unlikely
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 6 9
to be reached at a distance greater than 2.5 feet from the bursting head. Damaging 
levels for sensitive surface structures (velocities of 2 inch/second with frequency in 
the range from 30 to 100 Hz) may be reached within distances of 8 feet from the 
bursting head but this will rarely be an issue when replacing pipes in a public right- 
of-way. 83% of the recorded frequencies were within the 30 to 100 Hz range.
• The vibration levels present during bursting will be dependent on the power/impact 
applied to the bursting process. The reported results and their analysis reflect the 
equipment used at the sites monitored.
• Overall, it can be summarized that while ground vibrations may be quite noticeable to 
a person standing on the surface close to a bursting operation, the levels of vibrations 
are very unlikely to be damaging except at very close distances to the bursting 
operation.
Noise
The main source of noise during a trenchless pipe replacement operation is typically the 
air compressor used. Since air compressors are present on most construction sites, the 
noise associated with pipe replacement presents no special concerns. In the pneumatic 
system, noise is also released from the open end of the replacement pipe due to the 
cyclical release of pressure associated with the pneumatic action but this effect is 
localized and unlikely to be of special concern.
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Stress in Replacement Pipe
The stresses in the replacement pipe were measured during two bursts at the TTC Test 
Site. The stresses measured during each burst were quite different but both fell within a 
range of stresses calculated by assuming that either:
• the soil did not immediately collapse around the replacement pipe and hence the
stresses were very low and primarily due to the friction created by the self weight of
the pipe and the friction from the partially collapsed soil, or
• the soil did collapse around the pipe and the pipe friction could be calculated by
methods similar to those used for estimating frictional forces in microtunneling 
operations.
Both the site conditions and the bursting method varied between the two monitored 
bursts. The limited number of conditions represented and the variance of the results 
allow only limited conclusions. These are:
• existing methods of estimating friction loads on pipes for trenchless technology 
appear to match the range of stresses measured
• measures to retard the collapse of soil around the replacement pipe will lower stresses 
in the replacement pipe
• none of the stresses measured exceeded about two-thirds of the yield stress of the 
HDPE pipe
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• the level of stress in the replacement pipe was actually less for the pipe with larger 
upsizing percentage so there is not a direct relationship between upsizing percentage 
and replacement pipe stress
• the magnitude of the stress cycling in the replacement pipe during installation is small 
compared with the mean stress level
Ground Displacements
The ground movements measured in this project varied from ground displacements with a 
symmetrical pattern of heave displacements that would be expected from theoretical 
considerations and from the previous laboratory and field studies reported in the literature 
to significantly asymmetrical displacements and significant settlements.
The ground displacements are principally dependent on the degree of upsizing, the type 
and compaction level of the existing soil around the pipe, and nature of confinement of 
the soil around the pipe (e.g. near surface versus deeply buried). Cohesive soils tend to 
give more predictable soil displacement profiles whereas in sands localized collapse is 
possible within the tail void of the expansion head.
In the Field Test Sites monitored, the ground surface movements were mostly heave. The 
maximum ground surface movement monitored on a pavement surface was 1.26 inch for 
a 33% upsizing of a 6-inch pipe at 6 feet below the surface. The maximum ground 
surface movement monitored on a non-paved surface was 3 inch for replacing 10 inch 
VCP with a 10-inch HDPE pipe at 10 feet below the surface in stiff clay soil. These
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values were exceptional singular movements, and the majority of the surface movements 
were within the range o f-0.25 to +0.75 inch.
At the TTC Test Site, the ground displacements involved significant settlement away 
from the immediate vicinity of the pipe. This is due to the relatively low level of 
compaction of the backfill soils and the newness of the backfill. The pipe bursting 
process then acts to consolidate the existing soils allowing the diameter increase to be 
absorbed by compaction within a short distance of the pipe and allowing settlement at 
greater distances.
The ground displacements were compared with predictions of ground movements using 
the cylindrical cavity expansion theory. The comparisons indicated that the actual 
movements at one foot above the crown of the old pipe were three to five times the 
calculated ones at the edge of the plastic zone.
The ground displacements were also compared with the reported results of field studies 
by Leach and Reed (1989). The data from the current project introduced additional 
scatter to the previous graphs of squared depth of cover divided by the diameter of the old 
pipe against the maximum heave divided by the amount of expansion, but fitted the 
overall trends previously observed.
The most critical conditions for consideration of ground displacement due to pipe 
bursting are when:
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• the pipe to be burst is shallow and ground displacements will tend to be primarily 
directed upward
• significant upsizing percentages for large diameter pipes are used
• deteriorated existing utilities are present within 2-3 diameters of the pipe being 
replaced
The replacement or upsizing of deep utilities away from other utility lines will have no or 
little impact on these lines or surface structures unless the surrounding soil is a 
collapsible soil.
Position of Replacement Pipe
The replacement pipe naturally follows closely the line and grade of the original pipe. 
However, the centerline of the replacement pipe will only rarely coincide with the 
centerline of the original pipe. The major factors that affect the relative position of the 
replacement pipe are:
• The soil displacement will occur in the direction of the least soil resistance -  usually 
towards the surface. This tends to cause the centerline of an upsized pipe to be higher 
than the original pipe.
• The size of the expansion head is typically larger than the replacement pipe. This 
allows the replacement pipe to take different positions within the soil cavity 
depending on longitudinal bending of the pipe and/or localized ground movements.
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• When a stiff replacement pipe (large diameter, thick wall) is given insufficient room
in the insertion pit to be lined up with the original pipe, the pipe may deviate from the
original grade near the insertion pit.
• Sags in the existing pipe will tend to be reduced by the replacement process. Longer 
than normal bursting heads can also be used to enhance this straightening effect.
Because of the special circumstances of the TTC Test Site with recently compacted
backfill, specially introduced sags, and the presence of additional existing pipes, the 
information gained about the relative position of the replaced pipe is not considered 
conclusive. It would be valuable to measure the line and grade of a significant number of 
replaced pipes to determine the final condition of the line and grade under normal site 
and job conditions.
Effect on Crossing Utilities
As a physical demonstration of the impact on crossing utilities, two-inch diameter PVC 
pipes were laid at one foot and two feet above the top of the clay pipes to be burst. These 
pipes were pressurized to above 50 psi prior to the bursting and checked to see whether 
they held pressure as the bursting and upsizing was carried out. None of the pipes lost 
pressure because of the 25 percent upsizings. The pipe at one foot above the clay pipe for 
the 50 percent upsizing survived the first upsizing but failed when the adjacent pipe was 
similarly upsized. The pipe at 2 feet above the clay pipe survived both 50 percent 
upsizings. Given the oversized expansion head, the upsizing and the relative upward
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displacement of the upsized pipe, it appears that the expansion head would have passed 
within 6 inches of the original position of the closest crossing pipe. Older, more brittle 
pipes clearly would not survive as well as a new PVC pipe but it had been expected that 
all the pipes at one foot from the top of the burst pipe would be unlikely to survive the 
replacement.
In practice, pipes within two pipe diameters of a pipe to be burst and especially to be 
upsized would be locally excavated to provide stress relief to the existing pipe. The 
worst case for adjacent utilities is when they are not known about and not discovered 
prior to the replacement operation. This situation resulted in a burst water pipe on one of 
the sites monitored for this project.
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Appendix 3.1
An Event Report Example from TTC Test Site £ 1, Histogram Mode
Histogram Start Time an9:33 AM February S. 1997 Serial Number
Histogram Finish Time 823:38 AM February 5,1997 Battery Levei
Number of Intervals 49 at S seconds Calibration
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Appendix 3.1
An Event Report Example from TTC Test Site # 2
Date/Time MicL at 233:40 PM February 13.19S7
R ange Geo: taoo inis
Record Time 2 0  sec at 1024 sps 
Jo b  Number: 1
Serial Number B85355V 3 .1-3.1 EVERLERT iii/b
Battery Level s.4 Vo#s
Calibration September 24,1SS6  by Vibta-Tecft
File Name G35688YO.G41
Scaled Distance 0.3 (t, 0.2 lb.
Notes
Lacation:Ruston - LA KInsel Industries bursting. 12 inch 
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Appendix 3.1
An Event Report Example from TTC Test Site:
Date/Time MicL2 at 33124 AM March 5.1997
Range Geo: 10.00 injs
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Scaled Distance 5.0 ft, 02 tb.
Notes
LocationiRuston - LA Miller Pipeline. Bursting 10 in.
TTC Pipe Bursting Project.
User NameiAIan Atala
USBM RI8507 And OSMRE
Extended Notes 
P o s t Event Notes
Microphone LinearWeighting
PSPL 0.0146 psi(L) at 0.582 sec
ZCFreq 13Hz
Channel Test Passed (Freq = 19.7 Hz Amp ~ 470 mvj
TranZ Vert2 LongZ
PPV 0.0800 0.130 0.0800 inJs
ZCFreq a.4 64 3.3 Hz
Time (Rel. to Trig) 0.034 0.028 0.595 sec
Peak Acceleration 0.159 0.172 0.159 S
Peak Displacement 0.00442 0.00022 0.00507 in.
Dynamic Geo Cal. Passed Check Check
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Appendix 3.1
An Event Report Example from TTC Test Site # 4
Date/Time Tran2atS27:21 PM Man* S. 1997
Trigger Source Geo: 0200 inis
Mic 0.00029 psi<L)
Range Geo: 10.00 injs
Record Time 20 sec at 1024 sps
Notes
LocationrRustan -  LA Miller Pipeline. Bursting 10 in.
TTC Pipe Bursting Project.
User NameAlan Atala
Extended Notes 
P ost Event Notes
Microphone LinearWeighting 
PSPL 0.00073 psi(L) at 0.229 sec
ZC Freq 47  Hz
Channel T est Passed (Freq = 19.3 Hz Amp = 487 mv)
Serial Number BB5356V3.1-3.1 EVERLERTIII/8
Battery Level S.3 Voits
Calibration Sestember24.1995 by Vibra-Tecfi
File Name G356SCSJ.5L1
Scaled Distance 5.0 ft, 0.2  !b.
USBM RI8507 And OSMRE
Tran Vert Long
PPV 0.180 0.380 0.690 inis
ZCFreq 51 30 64 Hz
Time (Rel. to Trig) 1.479 0.009 1.583 sec
Peak Acceleration 0.186 0.437 0.S97 9
Peak Displacement 0.00053 0.00129 0.00254 in.
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An Event Report Example from Field Test Site # 1
ISl
Date/Time Long2at 125:14 PM January S, 1997
Trigger Source Geo: 0200 inji
Range Geo: 10.00 inJs
Record Time Z0 sec at 1024 sos
Job  N um ber i
Serial Number B85356 V 3.1-3.1 EVERLSHT IIi/8
Battery Level s.4 Voas
Calibration September 24.1996 by Vibra-Tecn
File Name G256SSQY.M21
Scaled Distance 0.0 ft. 0.0 lb.
Notes
Locatian:Baton Rouge Station:60 it 
TTC Pipe Bursting Project 
User NamerAIan Atala
USBM RI8507 And OSMRE
P o st Event Notes
Microphone Linear Weighting
PSPL 0.00004 psiiL) at 43.069 sec
ZCFreq MOOHr
Channel Test Check (Freq = 0.0 Hz Amp = 0 mv)
Tran Vert Long
PPV 0225 0.110 0.550 inJs
ZC Freq 34 39 37 Hr
Time (Rel. to Trig) 0225 0.025 0.S62 sec
Peak Acceleration 0.172 0.0653 0.253 9
Peak Displacement 0.00106 0.00045 0.00248 in.
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Appendix 3.1
An Event Report Example from Field Test Site # 1, Histogram Mode
Histogram Start Time 
Histogram Finish Time 
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Appendix 3.1
An Event Report Example from Field Test Site # 5
Date/Time Tran2 at 1051:49 AM Apti 23,1937
Trigger Source Geo: 0.200 inJs
Range Geo: 10.00 inis
Record Time 2.0seeatl024sps
Notes
Location:Ruston - LA Miller Pipeline. Bursting 10 in.









PPV 0.0650 0245 0.0200 inis
ZC Freq 12 7.3 >100 Hz
Time (Rel. to Trig) 0208 0.116 0279 sec
Peak Acceleration 0.0258 0.172 0.0398 9
Peak Displacement 0.00115 0.00802 0.00002 in.





BB5356 V 3.1-3.1 EVERLERTIII/8 
6.4 Volts
September 24.1996 by '/ibra-Tecn 
G3S66F8W.U01
Scaled Distance s.o ft. 02  lb.
USBM RI8507 And QSMRE











10 20 100  >
Frequency (Hz) 








I  . — *■ 0 0
:  V
i . * n n
0.0 1-0 
Time Scale: 0_20 secftfiv Amplitude Scale: Geo: 0.100 inisAfiv Mic: 0.00100 psi(L)/div 
P rin ted : J a n u a ry  7. 1998 (V 3.11 -3.11) F orm at C opyrigh ted  1998
2.0
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Appendix 3.1
An Event Report Example from Field Test Site " 6
Date/Time Long at 10:04:51 AM June 2 .19S7
Trigger Source Geo: a.0500 inis
Range Geo; 10.00 inis
Record Time 2.0 sec at 1024 sps
Serial Number 9B5356V 3.1-3.1 EVERLERT Ill/a 
Battery Level 6.5Votts 
Calibration September24.1995 by Vibra-Tech
File Name G35B6HAX.C31
Notes
L o c a t i o n :
User Name:Alan Atala





John Marchail S t *  1 @ Aitington. 
VA
Tran Vert Long
PPV 0.0350 0.0300 0.0750 inJs
ZCFreq 73 73 54 Hb
Time (Rel. to Trig) 1.603 1.522 0.043 sec
Peak Acceleration 0.03S5 0.0399 0.106 3
Peak Displacement 0.00007 0.00010 0.00028 in.
Dynamic Geo Cal. Passed Passed Passed









9 . 3  I .
3a»§ ! a. 3“ H
100 >
Frequency (Hz) 









Time Scale: a.20 sec/djv Amplitude Scale: Geo: 0.100 inJs/div 
Trigger = ►— ------- -4
P rin ted : Jan u a ry  7 .1398  (V 3.11 -  3.11) Form at C opyrighted 1936
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Appendix 3.1
An Event Report Example from Field Test Site # 7
Date/Time Vert2 at 1:06:21 PM July 29.1997
Trigger Source Geo: 0.0500 in/s
Range Gee: 10.G0  in j s
Record Time 2.0 sec at 1024 sos
Serial Number BB5356 V3.1-3.1 EVERLERT Ill/S 
Battery Level 5.3 vc#s




USBM RI8507 And OSMRE




Z C  Freq n/a
Channel Test n/A






PPV 0.01000 0.01000 0.01000
Z C  Freq >100 N/A >100
Time (Rel. to Trig) a.409 -0.012 -0.003
Peak Acceleration 0.0265 0.0265 0.0265
Peak Displacement o.aocco 0.00002  0.00001
Dynamic Geo Cal. Passed Passed Passed









10 20 100 >
Frequency (Hz) 









Time Scale: 0.20 see /av  Amplitude Scale: Geo: 0.100 inis/div 
Trigger = p—  -e
P rin ted : Jan u a ry  T. 19S8 (V 3.11 -  3.11) F orm at Copyrighted 1996
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Appendix 3.2




















I 60 10 10.5 50 0 51.09 0.025jL
2 30 10 10.5 20 0 22.59 0 .120|L
1| 60 13 10.5) 47| 0| 48.161 0.03 5|L ! [
2| 30( 131 10.5| 17| 0| 19.98| 0.200|L j j
11 60| 16| I0.5i 44) 0| 45.24| 0.0401 V i i
2 30 16| 10.5| 14| 0! 17.50! 0.300|L ! I
l! 60 19| 10.5| 41 j 0| 42.32 0.040|T | |
2i 30 19! 10.5) l l |  0l 15.21! 0.600|L ! !
1 60 22| 10.5| 38) 0| 39.42| 0.050|L i I
2 30 22! 10.5| 8| 0| 13.20| l.000|L ! j
H 60 251 10.5| 35! 0| 36.54| 0.075|L ! j
2) 30 25| 10.5| 5| 0| II.63| 1.150IL | i
11 60 28 j 10.5| 32! 0| 33.681 0.100|L i !
2| 30 28| 10.5| 2! 0| 10.691 l.000|L ! !
l| 60 3 1| 10.5! 29 j 01 30.84) 0.100(L j i
2| 30 3 1| 10.5| I 0| 10.55! 0.900IL i | )
l| 60 34) 10.5) 26 0| 28.04! 0.120IL ! ! !
2| 30 34| 10.5! 4 0j 11.241 O.SOOiL j i
11 60 37! 10.5! 23 0| 25.28 0.080IL i i
2 30j 37| I0.5| 7 0 12.62 0.800!L i !
11 60! 401 10.5| 20 0| 22.59 0.100IL ! 5lj o .u
2| 30| 40| 10.5| 10! 0| 14.50 0.635iL ! 43( 0.65̂
ll 60| 431 10.5! 17 0( 19.98! 0.300|L ! !
2! 30 43| I0.5j 13 j 0 16.71| 0.440|L i !
l! 60 46! 10.5| 14! 0! I7.50| 0.400|L ! i
2| 30 46) 10.5| 16| 0| 19.14! 0.200|L ! i
li 60 49 10.5| l l |  0| 15.21 l.000|L | |
2 30 49 10.5 19| 0| 21.71 0.160|L i I
l| 90 52 10.5| 38 l| 39.44i 2.100|L i
2| 90 52 I0.5| 38 ll 39.44! 0.100|L 1
1 90| 55 10.5 35j l! 36.55 2.700|L I I
2| 90 55| 10.5| 35| l| 36.55 0 .150|V 1 |
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Apendix 5.1
Ground Movement at the Edge of the Plastic Zone
According to Cavitv Expansion Theory
Type of Soil Clay Silt Sand Clav-
Gravel
Poisson Ratio (v) ! 0.40| 0.28 0.28 1 0.401
i
E, psf j 288000.001 144000.00 288000.OOj 576000.00
C, psf j 2000.00| 800.00 0.00 2000.00
Angle of Internal Friction (6) | 0.00| 15.00 30.001 0.001
»
Angle of Internal Friction (<{>), Gradients 0.00| 0.26 0.52 ! 0.001
1
Density (y), pcf 98.00| lOO.OOj 100.00 100.00;
BC, 0.75 0.75 0.50 ! 0.75
q, psf 485.lOj 495.00) 396.00) 495.00
Ir 51.43 60.31 492.061 102.86'
A 0.01 0.02 0.02! 0.01;
I
Volume Change Factor (c) 0.66 0.46 0.09 0 50
Reduced Rigidity Index (In-) 33.96 27.44 45.76 51.43;
Test 3 & I, Ru 0.48 0.48 0.59 0.59i
Test 3 & I, Rp 2.80 2.56 4.29 4 23
Test 4 & 2, Ru 0.49 0.49 0.65 0 65
Test 4 & 2, Rp 2.86 2.61 4.72 4.66
Fc' 4.48 5.62 4.82 4.94
Fq 1.00 2.50: 5.63 1.00
Pa 9445.10 5733.50| 2229.481
.
10375.001
Test 3 & I, Stress @.Rp (psf) 2394.60 1395.95) 594.13 2494.61
Test 3 & I, Heave @.RP (in) 0.3 I 0.25 0.05 0.25
Test 4 & 2, Stress @.Rp (psf) 2394.60 1395.95 594.13 2494.61
Test 4 & 2, Heave @.RP (in) 0.32 0.25 0.05 0.27
Test 1, Heave 1’ above the Crown | 1.27






Test 3, Heave @  1’ above the Crown | 0.76 I
1 !
Test 4, Heave @. I ’ above the Crown 0.62 I1
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Appendix 5.2
Ground Movement at the Edge of the Plastic Zone According to Cavitv
Expansion Theory with Modulus of Elasticity Reduced bv Half
Type of Soil Clay Silt Sand Clay-
Gravei
Poisson Ratio (v) 0.40 0.28 [ 0.28 0.40
E, psf 144000.00 72000.00) 144000.00 288000.00
C, psf 2000.00 800.00) 0.00 2000.00
Angie of Internal Friction (cp) 0.00 15.00) 30.00 0.00
Angle of Internal Friction (<p), Gradients 0.00 0.26 0.52 0.00!
Density (y), pcf 98.00 100.001 100.00i 100.00
K0 0.75 0.75 0.50 0 .75;
q, psf 485.10 495.00) 396.00 495.00
Ir 25.71 30.161 246.031 51.43
A 0.01 0.02 0.02 0.01;
Volume Change Factor (c) 0.66 0.46 0.09 0.50!
Reduced Rigidity Index (In-) 20.45 13.72 22.88 25.71
Test 3 & 1, Ru 0.48 0.48 0.59 0.591
Test 3 & Ir Rp 2.17 1.81 3.03 2.99i
Test 4 & 2, Ru 0.49 0.49 0.65 0 65
Test 4 & 2, Rp 2.22 1.85 3.34 3.30
K 4.48 5.62 4.82 4.94
1.00 2.50 5.63 1.00!
Pu 9445.10 5733.50 2229.48 10375.00
Test 3 & I, Stress @.Rp (psf) 3408.69 2067.08 748.55 3880.91
Test 3 & I, Heave @RP (in) 0.74 0.61 0.11 0.59
Test 4 & 2, Stress @Rp (psf) 3408.69 2067.08 748.55 3880.91
Test 4 & 2, Heave @.RP (in) 0.76 0.62 0.13 0.65
Test 1, Heave @. I’ above the Crown 1.27
Test 2, Heave @ I ’ above the Crown 1.54
Test 3, Heave @. 1 ’ above the Crown 0.76 ! i
Test 4, Heave @ 1 ’ above the Crown 0.62
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Appendix 5.3
Ground Movement at the Edge of the Plastic Zone According to Cavity
Expansion Theory with cohesion Reduced bv Half
Type of Soil Clay Silt Sand Clay-
Gravel
Poisson Ratio (v) 0.40 j 0.28 | 0.28 0.40
E, psf j 288000.00| 144000.001 288000.00j 576000.00
C, psf 1000.00| 400.OOj O.OOj 1000.00
Angle of Internal Friction (tj)) 0.00| 15.00| 30.00 0.00
Angle of Internal Friction (<j>). Gradients 0.00| 0.26 0.52 | 0.00
Density (y), pcf 98.00| IOO.OOj 100.OOj 100.00
K o 0.75 0.75 0.50| 0.75
q, psf 485.10 495.001 3 96.OOj 495.00
I r 102.86 105.61 492.06 205.71
A 0.01 0.02 0.02 0.01:
Volume Change Factor (c) 0.66 0.46 0.09 0.501
Reduced Rigidity Index ( I n - ) 50.70 48.05 45.76 102.86
Test 3 & 1, Ru 0.48 0.48 0.59 0.59
.Test 3 & I, Rp 3.42 3.39 4.29 5.98
Test 4 & 2, Ru 0.49 0.49 0.65 0.65
Test 4 & 2, Rp 3.49 3.46 4.72 6.59'
tv 4.48 5.62 4.82 4.94
tv 1.00 2.50 5.63 1.00
p  L II 4965.10 3485.50 2229.48 5435.00
Test 3 & 1, Stress @.Rp (psf) 1039.09 736.75 594.13 801.66
Test 3 & I, Heave @RP (in) 0.11 0.09 0.05 0.05;
Test 4 & 2, Stress @.Rp (psf) 1039.09 736.75 594.13 801.66
Test 4 & 2, Heave @.RP (in) 0.III 0.09 0.05 0.06
Test I, Heave @. 1’ above the Crown 1t
i
1.27
Test 2, Heave @ 1’ above the Crown ! 1.54
Test 3, Heave @ 1 ’ above the Crown 0.76|
Test 4, Heave @. 1 ’ above the Crown 0.62j
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Appendix 5.4
Ground Movement at the Edge of the Plastic Zone According 
to Cavity Expansion Theory with Modulus of Elasticity 
and Cohesion Reduced bv Half
Type of Soil Clay Silt Sand Clay-
Gravel
Poisson Ratio (v) 0.40 0.28 0.28 0.40
E, psf 144000.00 72000.00 144000.00 288000.00
C, psf 1000.00 400.00 j 0.00 1000.00
Angle of Internal Friction ($) 0.00 15.00 30.00 0.00
Angie of Internal Friction ((j)), Gradients 0.00 0.26 0.52 0.00
Density (7), pcf 98.00 100.0 0 | 100.00 100.00
Ko 0.75 0.75 0.50 0.75
q, psf 485.10 495.00 396.00 495.00
Ir 51.43 52.80 246.03 102.86:
A 0 .0 1 0.02 0.02 0 .0 1
Volume Change Factor (£) 0.66 0.46 0.09 0.50
Reduced Rigidity Index (In-) 33.96 24.03 22.88 51.43
Test 3 & I, Ru 0.48 0.48 0.59 0.59
Test 3 & L, Rp 2.80 2.39 3.03 4.23
Test 4 & 2, Ru 0.49 0.49 0.65 0.65
Test 4 & 2, Rp 2.86 2.44 3.34 4.66
f ; 4.48 5.62 4.82 4.94
F '4 1.00 2.50 5.63 1.00
Pu 4965.10 3485.50 2229.48 5435.00
Test 3 & I, Stress @.Rp (psf) 1439.85 1078.25 748.55 1494.81
Test 3 & L, Heave @RP (in) 0.31 0.30 0.11 0.25
Test 4 & 2, Stress @Rp (psf) 1439.85 1078.25 748.55 1494.81
Test 4 & 2, Heave @Rp (in) 0.32 0.30 0.13 0.27
Test I, Heave @ I’ above the Crown | i 1.27
Test 2, Heave @ V above the Crown I 154
Test 3, Heave @ 1’ above the Crown 0.76 11
Test 4, Heave @. 1’ above the Crown 0.62 i
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Appendix 5.5
Ground Movement at the Edge of the Plastic Zone According to Cavity
Expansion Theory with Modified Poisson Ratio
Type of Soil Clay Silt Sand Clay-
Gravel
Poisson Ratio (v) 0.40 0.40 0.28 0.45
E, psf 288000.00 144000.00 288000.00| 576000.00
C, psf 2000.00 800.00 0.00 2000.00
Angle of Internal Friction (<j)) 0.00 15.00 30.00 0.00
Angle of Internal Friction ((j)). Gradients 0.00 0.26 0.52 0.00
Density (y), pcf 98.00 100.00 100.00 100.00
Ko 0.75 0.75 0.50 0.75i
q ,  p s f 485.10 495.00 396.00 495.00
I r 51.43 55.14 492.06 99.31
A 0.01 0.02 0.02 0.01
Volume Change Factor (c) 0.66 0.46 0.09 0.50
Reduced Rigidity Index ( I n - ) 33.96 25.09 45.76 49.661
Test 3 & I, Ru 0.48 0.48 0.59 0.59
Test 3 & 1, Rp 2.80 2.45 4.29 4.16
Test 4&  2, Ru 0.49 0.49 0.65 0.65
Test 4 & 2, Rp 2.86 2.50 4.72 4.58:
f ; 4.48 5.62 4.82 4.94
Fq' 1.00 2.50 5.63 1.00:
P u 9445.10 5733.50 2229.48 10375.00
Test 3 & I, Stress @.Rp (psf) 2394.60 1477.43 594.13 2564.79
Test 3 & I, Heave @RP (in) 0.31 0.28 0.05 0.26
Test 4 & 2, Stress @Rp (psf) 2394.60 1477.43 594.13 2564.79
Test 4 & 2, Heave @RP (in) 0.32 0.29 0.05 0.29
Test I, Heave @. 1’ above the Crown 1t 1.27
Test 2, Heave @ 1’ above the Crown 11 1.54
Test 3, Heave @. 1 ’ above the Crown 0.76
Test 4, Heave @ I ’ above the Crown 0.62
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Appendix 5.6
Ground Movement at the Edge of the Plastic Zone According 
to Cavity Expansion Theory with Modified Modulus 
of Elasticity and Cohesion
Type of Soil Clay Silt Sand Clay-
Gravel
Poisson Ratio (v) O Ifc
. O 0.28 0.28 0.40
E, psf 144000.00 72000.OOj 144000.00 288000.00
C, psf 4000.00 1600.00 0.00 4000.00
Angle of Internal Friction (<j>) 0.00 15.00 30.00 0.00
Angle of Internal Friction Gradients 0.00 0.26 0.52 0.00
Density (y), pcf 98.00 100.00 100.00 100.00
Ko 0.75 0.75 0.50 0.751
q, psf 485.10 495.00 396.00 495.00
Ir 12.86 16.23 246.03 25.71
A 0.01 0.02 0.02 0.01
Volume Change Factor (c.) 0.66 0.46 0.09 0.50
Reduced Rigidity Index (la) 11.39 7.39 22.88 12.861
Test 3 & I, Ru 0.48 0.48 0.59 0.59
Test 3 & I, Rp 1.62 1.33 3.03 2 .12j
Test 4 & 2, Ru 0.49 0.49 0.65 0.65]
Test 4 & 2, Rp 1.65 1.35 3.34 2.33]
Fc‘ 4.48 5.62 4.82 4 ^
F '4 1.00 2.50 5.63 l.OOj
Pu 18405.10 10229.50 2229.48 20255.00|
Test 3 & I, Stress @.Rp (psf) 8673.31 4692.07 748.55 10039.40
Test 3 & 1, Heave @.Rp (in) 1.55 1.19 0.11 1.18
Test 4 & 2, Stress @Rp (psf) 8673.31 4692.07 748.55 10039.40
Test 4 & 2, Heave @RP (in) 1.58 1.21 0.13 1.30
Test 1, Heave 1' above the Crown 1.27]
Test 2, Heave @ 1’ above the Crown 1 l.54j
Test 3, Heave @ I’ above the Crown 0.76 1
Test 4, Heave @ I ’ above the Crown 0.62 1
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Appendix 6.1
Estimating the Friction Force on the Replacement Pipe
Clay and Silt Section
H td  = ------  = 6.4
(11.25/12)
According to ATVA 161 => Kday= 0.87 and Ksand= 0.82 (Stein L989).
Pev (The normal pressure on the pipe) = K y H
7clay = 98 pcf Ysiit = 100 pcf
P c v (c la y )  = 0.87 x 98 x 6 = 512 pcf
Pcv(siit) = 0.82 x 100 x 6 = 492 pcf
Assume that the coefficient of friction (p.) between the PE pipe and the clay soil = 0.23 
and between the pipe and the silt soil = 0.25 because of the smooth surface and overcut.
Friction force = 512 x 0.23 x m(11.25/12) x Lt = 492 x 0.25 x ;t(l 1.25/12)(L?)
= 301.6 Li -r 333 L2
301.6L.+333L,Stress = --------- ------------
20.104
where
Li = Length of line in the clay section 
Li = Length of line in the silt section
Sand and Clay-Gravel Section
H /d =    = 5.65
(12.75/12)
—̂ K̂ and 0.8 L 2nd Kclav-gravel 0.87
Based on the density data collected during the test site reconstruction.
Ysand 100 pcf Yciay gravel 100 pcf Yday 9 8  pcf
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Pcv(sand) = 0.81 x 100 x6 = 846 pcf
P s v (c la y  gravel) =  0.87 X 100 X 6 = 522 pcf
Assume Psand= 0.3 , Uday/gnivei= 0.25, and [ioiav= 0.2
Friction Force = 494 x 0.2 x i  x (12.75/12)(L[)
+ 522 x 0.25 x 7C x (12.75/12)(L2)
+ 486 x 0.25 x ic x (12.75/12)(L3)
= 330 Li +■ 435 L2 -f 406 L3
330 .6L> -t-435L? + 4 0 6 L a
Stress = ---------  =----------   psi
2 8 .2 7 4
where:
L[ = Length of line in the sand section 
L? = Length of line in the clay gravel section 
L3 = Length of line in the clay section
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